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CHAPTER 1. INTRODUCTION 
Iowa farmers typically use a com-soybean crop rotation, but substantial evidenct; 
indicates that a more diverse cropping system would reduce weed and pathogen problems, as 
well as improve soil quality,_ curb erosion, and improve farm profitability and economic 
stability. Oat is the most commonly grown alternative grain crop in Iowa, and provides 
many benefits by diversifying the cropping systems in which it is included. Wider adoption 
of oats in Iowa cropping systems, however, is hindered by unreliable yields of oat. A more 
consistently high yielding oat crop would offer a more profitable alternative grain crop. 
Those farmers who currently grow oats generally grow stands of pure-line cultivars. 
Cultivar blends are mixtures of several different pure-line cultivars grown in the same field m: 
the same time. Cultivar blends may enhance the stability (i.e., the reliability) of oat yields. 
A blend of two or three cultivars of oats has the potential to produce more consistent, and 
possibly higher, yields than a pure-line cultivar by itself because of the ability of genetically 
different plants to compensate for each other in different environments. Because closely 
rela~ed cultivars will likely have many genes in common, they will be adapted to similar. 
weather and field conditions. Less closely related cultivars may show greater ecologicai 
compensation when blended, thus more yield stability. 
Genetic similarity between cultivars can be estimated using phenotypic traits (headin~i 
date, height), molecular markers (AFLP, SSR, intronic sequence-tagged sites), and pedigree 
analysis ( coefficient of parentage). A positive correlation between increased genetic 
diversity and blend superiority would provide a predictive method for choosing appropriate 
combinations of cultivars with which to· develop blends. Knowledge of the best type of 
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molecular marker to use in oat genetic diversity analysis would be useful in this and other 
investigations. 
Thesis organization 
The thesis will be divided into a literature review, a manuscript titled "Blend response 
and stability and cultivar blending ability in oat", a second manuscript titled "SSRs, intron-
based sequence tagged sites, and AFLPs as measures of genetic diversity in oat", a third 
manuscript titled "The effect of genetic diversity on cultivar blend response", and general 
conclusions. Each manuscript will contain a list of references cited, and citations from the 
literature review will be included in a general references cited section at the end of the thesis. 
' At the end of the thesis will be four appendices containing the data used in the first and third 
experiments. 
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CHAPTER 2. LITERATURE REVIEW 
Grain Crop Production in Iowa 
Currently, the majority of crop rotations on Iowa farms include only maize (Zea mays 
L.) and soybean (Glycine max L.) Alternative crops like oat (Avena saliva L.) and wheat 
(Triticum aestivum L.) contributed only 1.3% to Iowa's total grain harvest in 1997 (USDA,. 
1998). The primary reason for the predominance of the corn/soybean rotation is its perceived 
economic success in comparison with any other rotation, at least in short term economic 
studies (USDA, 1999a) .. In addition, the success of corn and soybean crops and their 
resulting low prices have greatly reduced . the demand for alternative grain products, for 
example, in feed rations (USDA, 1999b). Continual cultivation of only two annual crops has 
resulted in a variety of agronomic and environmental problems. Weed and insect pests 
adapted to crop monocultures have established themselves as permanent members of the 
agricultural ecosystem (Liebman and Dyck, 1993). The stability of such biologically 
homogeneous cropping systems is maintained only by purchased external inputs. Thus, 
many producers use heavy pesticide and fertilizer applications, which often lead to 
contamination of lakes and streams (Ritter, 1990). Furthermore, the increasing costs 
associated with chemical fertilizers and pesticides (and now transgenic crops) have led to 
decreasing farm profits even in the face of increasing yields and gross farm productivity 
(Duffy, 1997; USDA, 1997). In addition, the current paradigm of intensive tillage practices 
with minimal crop rotation has lead to erosion and reduced soil quality (Pimental et al., 
1995). It is clear that to preserve the state's soil and water resources and to reduce economic 
risks, Iowa's farmers need successful alternative grain crops. Oat has value in human 
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nutrition and as feed for livestock, and was once common in Iowa's crop rotations, thus it has 
good potential as an alternative grain crop. 
The Benefits of Oat 
With respect to animal feed, oat is the preferred diet of horses and is superior to other 
. grains in crude protein (Cuddeford, 1995). Hull-less oat is excellent feed for non-ruminants, 
and conventional oat straw and grain are suitable feed for ruminants. Flour, granola, baby 
food, and breakfast cereal are often made with oat, and oat can be used as a thickener and 
texturer in other human foods. Oat has many health benefits by virtue of high protein 
content, dietary fiber, polyunsaturated fatty acids, and excellent amino acid content 
(Pomeranz, 1995). Oat is an important food for humans and animals in the U.S., and the U.S. 
is the largest importer of oat in the world {Hoffman 1995). 
Due to variable yields. and low grain quality, U.S. farmers often do not choose to 
grow oat as a cash crop. Including oat in crop rotations in Iowa would. reduce erosion, 
control weed cycles, reduce disease infection, and potentially stabilize farm profits (Gantzer 
et al., 1991; Karlen et al., 1994; Bullock, 1992; Marshall et al., 1992; B~mmer, 1998). Also, 
Ghaffarzedeh {1997) showed that intercrops of oat and berseem clover (Trifolium 
alexandrium L.) made a profitable third annual rotation crop in Iowa. A well-managed oat 
crop can be a profitable alternative grain crop for Iowa, but the year-to-year variability of oat 
yields has hindered wider use of oat in Iowa. During the 1990's, average oat yields in Iowa 
ranged from as low as 1432 kg ha-1 in 1993 to over 2600 kg ha~1 in 1997 {Table 1, USDA-
NASS, 1999c). In addition, the area of land planted to oats was greatly reduced, indicating 
farmers' increasing dissatisfaction with the performance of oat cultivars during the 1990' s. 
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Table 1. Average oat yields and total hectares of 
oat planted in Iowa from 1991-1999 (USDA 1999c). 
Year Hectares planted Average yield 
-Thousand ha- --kgha---
1991 324 1790 
1992 344 2399 
1993 385 1432 
1994 243 2220 
1995 263 2327 
1996 ll5 2434 
1997 134 2613 
1998 ll3 2ll2 
. 1999 97 2434 
Yield Stability 
A maJor objective of plant breeding is to mm1m1ze the adverse effects of 
environmental conditions on yield by developing cultivars that will perform reliably well 
across a range of years and local environments (Evans, 1993; Allard and Bradshaw; 1964). 
Yield stability is the result of a crop's buffering capacity, that is, its ability to adapt to a 
variety of weather, insect, disease, weed, and soil conditions. There are two ways to achieve 
a reliably producing crop: populational buffering through mixing cultivars or genotypes, and 
individual buffering through maintaining useful heterozygosity in individual cultivars (Allard 
and Bradshaw, 1964). The buffering effect of mixing established oat cultivars may be a 
quick and simple way to increase yield stability. Another viable option for increasing yield 
stability is creating genetic diversity within cultivars through population bulks or repeated 
wide crosses (Allard, 1961). One disadvantage of this method is the difficulty in quickly 
breeding diverse genotypes with yields as high as those of traditional pure-lines. The speed 
and simplicity of cultivar blend formation makes them a more practical option. 
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As the variability in yields of oat is a major cause for its often low economic value 
and resulting absence from Iowa's cropping systems, yield stability must be improved in 
order to make oat a more attractive crop for Iowa. Yearly fluctuations in grain quality and 
yield often lead to financial loss for growers and inconsistent demand from millers and other 
purchasers. Environmental factors influencing yield include relatively predictable effects 
such as differences in soil type and nutrient content, as well as unpredictable effects like 
levels of disease and insect infestation, moisture, temperature, weed pressure, animal 
populations, and wind (Allard and Bradshaw, 1964). Common oat diseases in Iowa are 
crown rust (Puccinia coronata [Corda.]), stem rust (Puccinia graminis [Pers.]), and barley 
yellow dwarf virus. These diseases and insect pests, including several mite and grasshopper 
species, can often reduce yields and grain quality. Birds and rodents affect oat yield by 
plucking seeds from the plants and chewing stems. The soil conditions in Iowa are variable, 
and weed populations vary locally in severity and species. The mean daily temperatures in 
Story County, IA, during the 1998 growing season ranged from 2.1°C to 34.3° C, with 
weekly rainfalls ranging from 1 to 68 mm (Batchelor, 1997). Statewide average oat grain 
yields ranged from 73 bushels per acre in 1997 to 52 bushels per acre in 1998 (Holland and 
Skrdla, 1998). Clearly, variable environments in Iowa can have a dramatic influence on crop 
production. 
Because the definition of yield stability varies widely, various terms are used to 
describe it. At the most basic level, variation in the yield of a cultivar is caused by 
phenotypic plasticity. Via et al. (1995) define the phenotypic plasticity of an organism as a 
change in its phenotype caused by the environment. Bradshaw (1965) also observed that the 
stability of yield in a crop species may be caused in part by the plasticity of the genetic 
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components of its yield. . Genotype-by-environment interaction is similar to phenotypic 
plasticity in that it measures the change in phenotype over environments; however, it 
measures differences in the relative performance of multiple cultivars over environments 
(Fehr, 1991). 
Becker and Leon (1988) partition the genotype-by-environment interaction into "a 
differential reaction to environmental stress factors" and "an inexplicable quantity in the 
statistical analysis of yield". As far back as 1964, Allard and Bradshaw (1964) attempted to · 
sort out the extensive literature on genotype-by-environment effects, and a multitude of more 
recent literature on the subject exists (Linn et al., 1986; Becker and Leon, 1988; Bramel-Cox, 
1996). This is because the genotype-by-environment interaction is a tool breeders use in 
deciding how many years and locations their new lines will be tested (Fehr, 1991). 
Additionally, the level of genotype-by-interaction among cultivars and locations is important 
in estimating yield stability. 
Two major descriptions of stability, static and dynamic, are based on these ideas. 
Stability in the static sense means a consistent performance of a single cultivar over all 
environments, while dynamic stability allows for a predictable response to environments 
(Becker and Leon, 1988). For example, consider an experiment that evaluates oat cultivars 
in three locations. A cultivar that produces 75 bushels per acre at each location, whether the 
site is poor or favorable, would be considered stable in the static sense. It exhibits no 
phenotypic plasticity. In contrast, a cultivar that has the highest yield at all three locations, 
but which varies in yield from 76 to 85 bushels/acre depending on the environment, would be 
considered dynamically stable. 
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Yield stability includes both the performance of cultivars over locations, termed 
adaptability, and the performance of cultivars over years, termed reliability (Evans, 1993). 
On the whole, reliability of yield is more important than adaptability. Specific adaptations 
may be the only way to achieve a successful crop in difficult environments, and a farmer 
desires a cultivar that will perform well on his farm from one year to the next more than he 
does one that will perform well on a farm three hundred miles away. 
There are a variety of statistics used to measure stability, as well as a wide variety of 
opinions on which statistical models are most useful. The appropriate choice of statistical 
model depends on one's definition of stability. Because plant breeders desire increased 
yields as well as stable yields, the static concept of stability is not useful when breeding for 
better yielding ability. Of the great variety of dynamic stability measures, Shukla's stability 
variance (Shukla, 1972) is the only unbiased estimate of variance of genotype-by-
environment interactions. According to Shukla (1972), a cultivar is stable if its genotype-by~ 
environment interaction variance over all environments is small. Shukla's stability variance, 
cr?, is measured as 
where SS(GE) is 
p q - - - 2 SS(GE) ---- L (X-- -X- -X. +X) -------
(p - 2)(q -1) j=l 1J 1. .J .. (p - l)(p - l)(q -1) 
q p - - -2 
L L (X · · - X- - X . + X ) 
J=li=l 1J I. .J .. ' 
pis the number of genotypes, q is the number of environments, XiJ is the observed mean value 
of genotype i in environment j, X;_and x_1 are marginal means of genotypes and 
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environment respectively, and x is the overall mean. Inferences based on Shukla' s 
statistic are restricted to conclusions relative to those cultivars tested, because variances are 
compared among only the cultivars examined (Linn et al., 1986). However, all dynamic 
stability statistics have this limitation, and if most of the cultivars grown in a particular 
region are represented in a test, Shukla's statistic can be very useful. 
One disadvantage of most stability measures is that they do not provide any 
information on the magnitude of yield of the cultivars. A cultivar that has a consistant 
response across environments may be quite stable, but if it is consistently low yielding, it is 
not useful to the farmer. Linn and Binns (1988) devised a measure of superiority that· 
compares yields of test cultivars with the highest yielding cultivar within each environment, 
rather than with the mean yield of all cultivars. The superiority of a cultivar, Pi, is defined as 
n 2 L (X·- -M ·) /(2n) 
j=I lJ J 
where Xij is the yield of the ith cultivar grown· in the jth environment, M.J is the maximum 
response at thejth environment, and n is the number of locations tested. The Pi for a cultivar 
is the sum of the mean squares of the difference between a cultivar and the highest yielding 
cultivar at a location (Linn and Binns, 1988). Thus, cultivars that, across environments, tend 
to yield consistently well relative to the maximum yield within an environment will have a 
smaller Pi value. This statistic is also restricted to inferences about the cultivars investigated. 
Cultivar Blends 
Most oat cultivars grown in Iowa are pure-line cultivars, meaning that all plants of a 
cultivar are genetically identical and highly inbred. Thus the available pure-line cultivars 
represent a wide range of unique, homozygous types often adapted to specific environmental 
conditions. A genetically heterogeneous plant population will have a greater chance of 
successful adaptation across a range of environments than a genetically homogeneous 
population. A cultivar blend capitalizes on this principle by using a mixture of two or more 
pure-line cultivars grown in the field at the same time to gain greater yield stability. The 
superiority of cultivar blends over pure-line cultivars has been demonstrated in numerous 
crops, including soybean, oat, wheat, barley (Hordeum vulgare L.), sorghum (Sorghum 
bi color Moench.), cotton ( Gossypium hirsutum L. ), and rice ( Oryza sativa L.) (Smithson and 
Lenne, 1996). 
Blending has significant positive effects on disease control. In a study by Mundt et 
al. (1995), pure-line wheat cultivars infected with septoria blotch and eyespot were 
significantly damaged by disease pressure over a three year trial, while a blend of the 
cultivars was unaffected. Finkh and Mundt (1992) found up to a 97% decrease in stripe rust-
induced (Puccinia striiformes Westend.) wheat damage in cultivar blends. This reduction in 
disease pressure in blends can contribute to their yield superiority. For example, a mixture of 
powdery mildew (Erysiphe graminis D.C.) resistant and non-resistant barley cultivars was 
consistently higher yielding than either of its component pure-line cultivars due to a 
reduction in disease. (Wolfe, 1978). Blending has also increased yield stability in many 
crops, including maize, soybean (Shutz et al., 1971) and wheat (Finkh and Mundt, 1992). In 
maize, Hoekstra et al. (1985) found that yields of blends were more consistent than yields of 
their components during a two-year study. Blending can also reduce yield losses caused by 
variation in soil nutrients (Trimble et al., 1983). 
In oat, blending has reduced damage caused by barley yellow dwarf virus (Power,. 
1991) and Victoria blight (Bipolaris victoriae F.) (Ayanru, 1970). Frey and Maldonado 
' 
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(1967) found nine oat blends with significant yield increases over their component cultivars 
during three years of testing. Pfahler (1965) found that grain yield in blends was never lower 
than yield in monocultures, and that yields of blends were always more stable than yields of 
their components. Blending in oat can also increase straw strength and reduce the damage 
caused by lodging (Patterson at al., 1963). It has been suggested that a cultivar blend with a 
60:40 ratio of a strong-strawed, moderate yielding cuhivar to a weak-strawed, high yielding 
cultivar will not result in increased lodging and may lead to higher yields (Grafius, 1966). 
While blends are often superior to pure-lines, researchers in oat, soybean, barley, 
maize, and wheat have also demonstrated that in some cases, blends may cause no significant 
gain in yield or no reduction in disease damage, and may even have negative effects on them 
(Smithson and Lenne, 1996). For example, Shorter and Frey (1979) found no significant 
increase in mean mixture yields over component yields of straw and grain in oat, and Frey 
and Maldonado (1967) found that blends were superior to pure-lines in poor environments 
only. In an experiment including 23 cultivars of barley. and all of their possible mixtures, 
Clay and Allard (1969) found that the mixtures were less stable on average than their 
components over two years. Furthermore, blend responses can rarely be predicted on the 
basis of component yields. 
Interpretation of blend performance per se is simple- blends with higher yields are 
most favorable. The specific causes of blend performance are more complex, however. In 
the absence of inter-genotypic interactions, blend yields should equal the average of the 
yields of the component pure-lines. Because most studies have shown that blend yields are 
often higher or lower than the average of their components, some interactions must occur 
between the two cultivars. Diallel analysis is one way to identify and classify interactions 
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between cultivars and particular combining abilities of cultivars. Diallel analysis was 
originally developed to analyze the performance of inbred lines in a variety of crosses. 
Sprague and Tatum (1942) introduced the concepts of general and specific combining ability, 
which measure the performance of a line in over all crosses and in particular crosses, 
respectively. Jensen and Federer (1965) were the first to adapt this method to blend analysis 
by using the terms general and specific competing ability. In further studies, they defined 
general combining ability as "cultivar effects" and specific combining ability as the 
"interaction" between specific cultivars (Federer et al., 1982). Despite these advances in 
analysis of blend performance, breeders were still unable to differentiate between blend lines 
· that were simply innately high yielding and lines that had positive interactions with most 
other lines expressed specifically in blends. Gizlice et al. (1989a) addressed this problem by 
partitioning GCA (general competing ability) into GYA (general yielding ability) and TGCA 
(true general competing ability). The GCA of a cultivar is based on the difference between 
average yields of all blends containing the cultivar and the average of all-blends in a trial. 
The GYA is calculated similarly; however, the difference between the mean yield of the 
cultivar evaluated as a pure-line from the average of all pure-lines is computed. TGCA is the 
difference between the GCA and the GY A According to this partitioning, lines with high 
TGCAs possess an ability to blend well that goes beyond their normal yielding abilities. 
Lines with negative TGCAs are lines that somehow depress performance to make the blend's 
yield lower than the average of its pure-line cultivars. In general, a breeder developing 
blends will want to produce cultivars that not only yield . well, but have a positive blend 
response. Gizlice et al. (1989) found a high correlation between GCA and TGCA in a set of 
soybean cultivar blends, with at least fifty percent of GCA attributed to TGCA, and the rest 
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explained by GY A Because of this high correlation, blends should only be made using high 
yielding cultivars, that is, those with high GY As. In addition, a blend breeding program 
searches for pairs of cultivars with the extra "kick" that makes cultivar mixtures better than 
the average of their component cultivars. The SCA may provide that increase in yield; 
however, it is time consuming and costly to pair each new line with every other possible 
cultivar in yield tests. Blending a few tester lines with new cultivars to mea-sure TGCA 
would be a better way to identify cultivars capable of significant blend response. 
The Benefits of Genetic Diversity 
It is possible that the confounding variable causing the irregularity of results in blend 
experiments relates to the level of genetic diversity among cultivars included in the blends. 
On the basis of the ecological principle that increased species diversity leads to greate.~ 
ecosystem productivity and stability (Tilman et al., 1997), increasing the genetic diversity 
included in the blends might result in greater yield stability. 
Basic principles of ecology can be used to explain the benefits of diversity in 
agricultural ecosystems (Vandermeer, 1992). All organisms exist in an ecological niche 
specific to their physiology, and the competition that occurs when two niches overlap results 
in reduced performance of each organism. This competition falls into two. categories. 
Consumptive competition occurs when renewable resources are in short supply, and 
overgrowth competition occurs when one organism grows over another, thereby depriving it 
of a resource (Ricklefs, 1993). In all crop monocultures, all plants are in competition for the 
same resources at the same time. The competitive production principle of intercropping is 
based on reduced competition for resources such as water, light, and nutrients (Vandermeer, 
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1992). For example, if a species that requires a great deal of light and only a little water is 
grown with a species that requires a limited amount of light and large amount of water, these 
species can coexist. In fact the plants in this intercropping example will perform better with 
each other than in monoculture because each is in less competition for its most important 
resource. Though these two species have overlapping niches, their niches in an intercrop 
overlap far less than in monoculture. A second possible explanation for the inc.reased 
productivity of diverse agroecosystems is based on facilitation (Vandermeer, 1992). In this 
situation, one species or genotype alters the environment in a way that benefits the other. A 
good example of this can be found between plants and microbes in the soil. Soil bacteria 
increase mineral solubilization in the soil, thus making minerals more available for plant use 
(Kennedy, 1998). 
Tpe benefits of genetic diversity, such as that found in intercrops, have been 
demonstrated in entire ecosystems. Van der Heijden et al.· (1998) found· that arbuscular 
mycorrhizal fungal diversity has a great impact on ecosystem stability and plant productivity. 
Biomass was measured in calcarous grasslands consisting of eleven plant species and varying 
treatments of four fungal species. Eight of the eleven plants required the presence of at least 
one specific fungus for biomass production, proving that grassland ecosystems need 
mycorrhizal diversity to support a diverse plant population. In addition, an experiment 
correlating the diversity of fungal species with plant productivity demonstrated that higher 
numbers of fungus species result in greater biomass production. Similarly, Hector et al. 
(1999) investigated the impact of plant species diversity on above ground biomass across 
eight sites in Europe. They found that productivity increased not only when different 
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functional groups of plants (grasses, legumes, and herbs) were grown together, but when 
different species of each type of plant were grown together. 
Genetic diversity within populations of the same species mcreases productivity 
through the same ecological principles that cause species diversity to benefit · entire 
ecosystems. Overcompensation, the ability of a genetically diverse population to use 
resources more efficiently and successfully than monomorphic populations, has been 
documented in Drosophila melanogaster. Peng et al. (1991) found that fly populations with 
greater polymorphism in their entire genome had higher progeny yields, and that even 
populations with greater polymorphism at single gene had greater population fitness:" This 
test was performed in four environments, and it was concluded that the variation among the 
alleles of a ge11e may allow an animal to respond favorably to different environmental 
conditions. Populational genetic diversity has also been studied in western· harvester· ants 
(Pogonomyrmex occidentalis), where the genetic diversity of a colony is determined by the 
number of matings of the polyandrous queen (Cole and Weirnasz, 1999). Diversity was 
--measured at two isozyme loci from samples of six workers from each· of 1492 colonies. 
There was a positive relationship between genetic diversity and colony fitness (size) in this 
study, demonstrating that more genetically diverse populations have higher fitness. The 
authors offered two possible explanations for this phenomenon: differences in pathogen 
resistance lead to overall better colony health and fitness, and/or variation in skills of workers 
resulted in increased efficiency of energy use in the colony. 
There has been limited research on the issue of genetic diversity in relation to crop 
blend superiority; however, a few studies have investigated the relationship between 
morphological or phenotypic diversity and blend response. Allard and Adams (1969) 
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addressed genetic diversity within species .in blend studies in barley. They· investigated 
blending ability in eight families from a barley population developed by intercrossing 31 
geographically diverse barley cultivars. These lines were grown in pure-line, as all possible 
· two-way combinations, and as eight-way blends. They also performed a companion study 
with four high yielding barley cultivars grown in pure-line and as all two-way blend 
combinations. In both experiments, blends yielded higher than pure-lines on average; 
however, the blend response in the composite population study was much greater than in the 
pure-line cultivar study. This increased blend response may have occurred as a result of the 
greater geographic diversity among the lines included in the composite population study. 
However, blend response may also have been the result of the innate competing ability 
(TGCA or SCA) of the composite cultivars. Because natural selection acted on tht:--
composite population while it was advanced, the eight families were selected to survive well 
in competition with each other. Schweizer et al. (1986) showed positive blend response that 
was not confounded with selection pressures in a study of_ soybean cultivar blends. They 
determined that greater diversity in plant height and date of maturity among -components of a 
mixture resulted in greater yields. On the other hand, Gizlice et al. (1989b) found no 
correlation between diversity in maturity dates and blend performance in soybean. Although 
genetic diversity within and among species has had positive -effects on performance in some 
studies, inability to explain the specific reasons for these higher yields and conflicting results 
in other studies have prevented broad conclusions on the superiority of blends in agronomic 
systems. 
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Methods to Estimate Genetic Diversity 
Morphological traits 
Comparison of quantitative traits, such as plant height or heading date, may be a 
quick and simple way to estimate genetic diversity. Souza and Sorrells (1991) used 
phenotypic traits (e.g., tiller number and biomass) and agronomic traits (e.g., test weight and 
straw strength) of oat cultivars to estimate genetic diversity. A cluster analysis of these 
quantitative traits was performed, and most genotypes clustered according to their latitude of_ 
origin. This analysis was compared to a cluster analysis of coefficients of parentage, and it 
was found that quantitative traits are poor measures of genome-wide genetic diversity when 
compared to the coefficient of parentage. However, thes~ analyses were performed on a very 
geographically diverse group of cultivars, with latitudes of origin ranging from 3 0°N to 
47°N. Similar evaluation of a more localized group of cultivars might show quantitative 
traits to be more useful. On the other hand, assuming that phenotypic differences are directly 
related to genotypic differences requires the generally untenable assumption of no genotype 
by interaction effect. In addition, phenotypic similarities caused by just a few major· genes 
common to geographic regions could mask a great deal of underlying genetic variation. 
Coefficient of parentage 
The coefficient of parentage is one way to estimate the genetic similarity between 
cultivars. Kempthorne (1957) defined coefficient of parentage between individuals X and ·y 
as "the probability that a random gene from X is identical by descent to a random gene from 
Y." A smaller coefficient of parentage means fewer common alleles, and therefore greater 
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genetic diversity. Coefficient of parentage measures have been used to study the genetic 
diversity of soybean, wheat, and oat cultivars grown in the U.S. (Cox et al., 1985; Souza and 
Sorrells, 1991; Rodgers et al., 1983) and have been used to predict hybrid performance in 
maize (Bernardo, 1996). 
One important assumption of the coefficient of parentage is an inbreeding coefficient 
of zero in the first generation (the reference population) (Falconer and Mackay, 1996). This 
assumption is almost certainly violated in calculating coancestry because although the 
relationships between progenitor landraces are uncertain, coefficient of parentage measures 
assume that they are unrelated. De Koeyer et al. (1999) and O'Donoughue et al. {1994) 
attributed differences in molecular marker-based diversity measures and pedigree-based 
diversity measures in part to unknown relationships among ancestors. Additionally, they 
stated that unclear and potentially incorrect breeding records may cause error in coefficient 
of parentage estimates. Coefficient of parentage measures also assume that mutation is 
absent (Falconer and Mackay, 1996). Though this assumption is categorically false, the 
relative infrequency of mutations as a whole and the expectation that most mutations are 
deleterious and will be eliminated by selection allow us to assume that mutation has little 
effect on coancestry calculations. 
Selection practiced during cultivar development might also make the true relationship 
between two cultivars different than that implied by the coefficient of parentage. The 
collection of spring oat cultivars grown in the US and Canada are fairly _homogeneous due to 
breeding practices. Breeders selected all of these for a largely common set of favorable traits 
(such as small awns, light . seed color, shorter height, adaptive flowering time, disease 
resistance, and high yield and test weight). Selection may have resulted in similar or 
19 
identical alleles occurring at the loci controlling gram yield and stability at a higher 
frequency than expected based on pedigree. Additionally,· coefficient of parentage is an 
expected or average relationship for all loci or· all pairs of genotypes with a given set of 
pedigrees, and as such is a probability of allelic identity. The actual proportion of identical 
alleles shared by specific individual genotypes can vary from this expectation. Thus, even 
without selection, the frequency of common alleles present in two individual genotypes may 
not be accurately predicted by the coefficient of parentage. 
Molecular markers 
Molecular markers can be used to quickly and reliably estimate genetic diversity. 
They are unique in that they are not h1fluenced by environment, can be detected in any type 
of tissue, and are potentially unlimited in number (Kochert, 1994). The polymerase chain 
reaction (PCR) is often used in developing molecular markers because it is fast and accurate. 
PCR-based molecular markers include sequence-specific primer methods, e.g .. simple 
sequence repeats (SSRs) and sequence-tagged sites, and random primer methods, e.g. 
amplified fragment polymorphisms (AFLPs). The effectiveness of these markers has been 
compared in many species, including various Pisum species and soybean (Glycine max L.) 
(Powell et al., 1996; Lu et al.. 1996). Recent comparison of these markers in potato 
(Solanum tuberosum L.) demonstrated that AFLP methods- amplify the most loci, and SSRs 
produce the highest number of polymorphic bands for each primer pair among the lines 
investigated (Milbourne et al., 1997). A comparison of the use of each of these types of 
markers in determining genetic diversity in oat would be of interest. 
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SSRs, or microsatellites, are a type of DNA marker that tends to exhibit high levels of 
polymorphism within species. In addition to their variability, S SR' s are relatively 
inexpensive, fast, and can be used to identify specific chromosomal regions consistently 
across populations. Each SSR is a tandem repeat of one or more short, simple sequences of 
two to six nucleotides. The most common repeat in plants is the AT repeat (Mohan, 1997). 
Because SSR's are likely the result of slippage during DNA replication (Levinson and 
Gutman, 1987), they are located randomly throughout the euchromatin and are highly 
variable in length. Polymorphism is detected using oligonucleotide primers complementary 
to conserved sequences flanking the repeats in a polymerase chain reaction (PCR). Gel 
electrophoresis can then be used to separate PCR amplification products according to size, 
allowing detection of differences in the number of repeats targeted and amplified. Chin et al 
(1996) found 34.5% polymorphism among a random selection of maize microsatellites, and 
Taramino and Tingey (1996) also reported a set of maize SSR markers with a level of 
polymorphism equal to that of RLFP's. SSRs are randomly distributed throughout the 
genome in maize (Senior et al., 1998), allowing them to be used successfully in genome 
mapping, genetic fingerprinting, and in surveys of genetic diversity (Chen et al., 1997; 
Zietkiewicz et al., 1994; Levi and Rowland, 1997). 
PCR primers flanking introns (the untranslated regions of a gene) have the potential 
to be used in much the same way as SSRs if there is a high amount of variability for the 
length of introns among genotypes of the same species. The relative levels of allelic 
variability ror intron length, SSR length, and exon or other gene region lengths have not been 
well-studied (Long and· de Souza, 1998). It might be expected that intron length 
polymorphism is relatively widespread among alleles of a common gene if insertions and 
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deletions within intrans have small effects on fitness. Hongtrak.ul et al. (1998) have found 
preliminary evidence of intron polymorphism in sunflower (Helianthus annus L.) caused by 
insertions, deletions, and differences in lengths of monomeric repeats. Because intrans are 
not translated and do not contribute to protein structure, they may be neutral with respect to 
fitness, and therefore highly variable. Hughes and Yeager (1997) compared rates· of 
evolutionary change (e.g. substitution and deletion) in intrans and exons in mouse (Mus 
musculus L.) and rat (Rattus norvegi,cus [Berkenhout ]). They found that for orthologous 
genes, intron sequences were approximately seven times more different than exon sequences. 
Under the assumption that intron sequences evolve independently of function, they have been 
used as estimates of "genetic time" in phylogenetic studies (He and Haymer, 1997; Johnson 
and Soltis, 1994). 
On the other hand, there is evidence that intrans play a role in gene expression in 
plants (Balle et al., 1996; Long and de Souza, 1998). Intrans contain the splice sites that 
direct their correct removal from the gene when initial transcripts are processed to mature 
mRNAs (Lewin, 1997). If these sites are changed or removed, the gene product will be 
altered, probably resulting in a non-functional protein (Brown, 1996). Laurie and Stam 
(1994) also determined that polymorphism within an intron of the alcohol dehydrogenase 
gene in Drosophila melanogaster has an effect on the amount of protein present. Similarly, 
Chetelat et al. (1995) found that the protein products of the important sucrose accumulation 
gene in tomato (Lycopersicon esculentum Mill.) are controlled in part by a single base pair 
deletion in the second intron. In addition to sequence effects on protein products, intron size 
itself may be subject to selection pressures. In regard to levels of recombination and splicing 
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efficiency, Carvalho and Clark (1999) found that natural selection favors a moderate (sixty to 
eighty base pairs) intron size. 
Public databases of plant gene and protein sequences represent a valuable and 
growing resource for plant genetics and breeding. SSRs can often be detected in gene 
sequences by searching for• diagnostic repeat sequences. PCR primers targeting the flanking 
regions with high specificity can then be developed to make DNA markers. Genomic DNA 
sequences (in contrast to cDNA sequences) from public databases often indicate the positions 
of intrans within the primary gene sequence. Therefore, genomic sequence information can 
be used to develop PCR primers flanking the intron regions of known genes with high 
specificity. It may be possible to use such PCR primers as an alternative source of DNA 
markers that share the advantages of SSRs in variability, specificity, speed, and 
inexpensiveness. 
Genbank, a database supported by the National Center for Biotechnology Information 
(http://www.ncbi.nlm.nih.gov/Entrez/nucleotide.html), is one source of plant gene sequences. 
It contains varying amounts of information about a wide variety of crop and research species. 
There are 31,045 total sequences and 189 intron-containing sequences for Zea mays, and 
89,308 total sequences and 678 intron-containing sequences for Arabidopsis thaliana in 
Genbank. Resources for oat species, however, are significantly smaller. The database 
includes 254 cDNA, genomic, chloroplast, intron, spacer, and repeat sequences from ten 
species in the genus Avena. A majority of the sequences are mRNA or cDNA sequences for 
Avena sativa, and these 197 sequences can be searched for SSRs. Genbank reports only nine 
genomic sequences containing intrans, two of which are from chloroplasts. These genomic 
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and cDNA sequences from Genbank could be used to develop PCR-based DNA markers 
with high levels of polymorphism for oat genetics and breeding. 
One disadvantage of sequence-specific primer methods is the time required to 
identify target sites and design appropriate primers. AFLPs involve amplification of random 
fragments of DNA, thus universal primers can be used (Vos et al, 1995). In screening 
genotypes for AFLP, DNA is digested with two restriction enzymes and adapters are ligated 
to each end. To eliminate fragments cut by the same enzyme at both ends, a biotin molecule 
is included in one of the adapters. Magnetic selection eliminates all fragments with two 
biotin molecules. Primers complementary to each adapter are added, and the primer 
complementary to the biotin-enhanced adapter has either a radioactive or fluorescent 
component. This ensures that only fragments cut by both enzymes will be amplified and 
prevents amplification of an unmanageable number of fragments. Use of radioactively or 
fluorescently labeled primers permits the amplification products to be visualized directly on 
the gel or indirectly by exposing the gel to x-ray film. 
AFLP analysis has proven useful in a variety of genetic diversity experiments, 
including those in rice (Cho et al., 1996), tea (Camellia sinensis L.) (Paul et al., 1997), and 
soybean (Maughan et al., 1996). Traditionally, AFLP markers produce the highest number 
of bands per experiment of all molecular markers (Powell et al., 1996), allowing for greater 
chances of polymorphism. Hua et al. (1998) reported a much lower level of polymorphism 
per band (ten percent) in oat, however, thus direct comparison of AFLP markers with intron 
and SSR markers is needed to determine which marker type is most useful. 
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CHAPTER 3. BLEND RESPONSE AND STABILITY 
AND CULTIVAR BLENDING ABILITY IN OAT 
A paper to be submitted to Crop Science 
S. J. Helland* and J.B. Holland 
Abstract 
Genetic diversity in croppmg systems can provide buffering against varymg 
environmental conditions. Therefore, blends of oat (Avena saliva L.) cultivars may have 
greater and more stable yields than their pure-line components. Experiments were conducted 
to -compare grain yield and test weight means and stabilities of pure-line cultivars and 
cultivar blends in eight Iowa environments. In one experiment, five early-maturing cultivars 
were grown as pure-lines and as all possible two- and three-way cultivar blends. In the 
second experiment, ten midseason-maturing cultivars were grown as pure-lines and as all 
possible two-way blends. Grain yield and test weight were greater in blends than in pure-
lines in the early-maturity experiment; however, blend performance was not significantly 
different than pure-line performance in the midseason-maturity experiment. Blends were 
more stable than pure-lines for yield in the early-maturity experiment and as stable as pure~ 
lines in the midseason-maturity experiment. These results indicate that although blends do 
S. J. Helland, Dep. of Agronomy, Iowa State Univ., Ames, IA 50011; J.B. Holland, USDA-
ARS Plant Science Research Unit, Dep. of Crop Science., Box 7620, North Carolina State 
University, Raleigh, NC 27695-7620. *Corresponding author (sarathom@iastate.edu). 
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not perform better than pure-lines in every situation, they rarely perform worse, and can, to a 
small degree, be useful in improving oat yield and stability. Modified diallel analysis was 
used to partition the variation among two-way blends into general (GCA) and specific (SCA) 
competing ability components. GCA variation was significant in both experiments, and it 
was further partitioned into general yielding ability (GYA) and true general competing ability 
(TGCA) to estimate innate yielding and blending abilities of each cultivar. The GY A 
variation was significant, whereas the TGCA variation was not. Therefore, superior blends 
can be selected using pure-line evaluation. 
Introduction 
Oat hectarage in the U.S.A. has declined dramatically since 1950 (USDA, 1998). 
However, cultivation of oat would provide farmers with an alternative grain crop, thus 
reducing weed and insect pests (Leibman and Dyck, 1993), increasing soil quality and 
curbing erosion (Gantzer et al., 1991), and potentially stabilizing farm incomes (Brummer, 
1998). Because oat has value as feed for livestock, in human nutrition, and . as a partial 
remedy for many production problems, methods to increase and stabilize oat grain yields are 
needed. 
In order to minimize the adverse effects of environmental conditions on yield, plant 
breeders have attempted to develop cultivars that will perform reliably well across a range of 
years and local environments (Evans, 1993; Allard and Bradshaw, 1964). Yield stability is 
the result of a crop's buffering capacity, that is, its ability to adapt to a variety of weather, 
insect, disease, weed, and soil conditions. There are two ways to achieve a reliably 
producing crop: populational buffering through mixing cultivars or genotypes, and individual 
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buffering through maintaining useful heterozygosity in individual cultivars (Allard and 
Bradshaw, 1964). A cultivar blend can capitalize on the principle of populational buffering, 
because a mixture of genetically different plants may have a greater chance of successful 
adaptation across a range of environments than a genetically homogeneous population. 
Another method to increase yield stability is to create genetic diversity within cultivars 
through population bulks or repeated wide crosses (Allard, 1961). One disadvantage of this . 
method is the difficulty in quickly breeding diverse genotypes with yields as high as those of 
traditional pure-lines. If mean yield and yield stability are increased in cultivar blends, the 
speed and simplicity of their formation make them a more practical option. 
Smithson and Lenne (1996) reviewed the literature on cultivar blends in many crops 
and concluded that, on the whole, blends yield slightly more than pure-lines, but their true 
benefits lie in disease control and stability. Blending can have significant positive effects on 
disease control (Mundt et al., 1995; Finkh and Mundt, 1992; Power, 1991 ), and can reduce 
yield losses caused by variability in soil quality (Trimble and Fehr, 1983). In oat, however, 
blends have not performed consistently better than pure-line cultivars. For example, Frey 
and Maldonado (1967) found that blended cultivars had significantly higher yields than their 
component pure-line cultivars in more stressful environments only. Additionally, Shorter 
and Frey (1979) found no difference between blend and pure-line performance. 
In previous studies with ambiguous results, blend response has varied depending on 
the cultivar pairs evaluated. Gizlice et al. (1989) used a modified diallel analysis characterize 
specific genotypic contributions to blend response. In this analysis, variation among blends is 
partitioned into general blending ability (GBA) and specific competing ability (SCA, 
respectively) variances. These effects are analagous to the general and specific combining 
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abilities estimated from diallel analyses of single-cross hybrids in maize (Sprague and 
Tatum, 1942). Gizlice et al. (1989) demonstrated that if pure-line components are evaluated 
in the same experiment as the blends, then GBA can be partitioned into two components, 
general yielding ability (GY A) and true general competing ability (TGCA). GY A represents 
the innate yielding ability of a cultivar grown as a pureline, and the TGCA is the difference 
between the GBA and the GY A. If TGCA or SCA effects are significant, blend yields will 
often be significantly different than the average of their two component cultivars. Cultivars 
with positive TGCA effects are those that capitalize on or contribute to the stabilizing and 
buffering effects of blending. 
We investigated the effects of cultivar blend combinations on oat grain yield and test 
weight means and stabilities in two experiments. The objectives of these experiments were 
1) to determine whether blend yields and test weights were greater than those of pure-lines, 
2) to compare yield stability of blends and pure-lines, and 3) to identify the genotypic sources 
of blend response in oat cultivar blends with the goal of providing breeders with a method for 
selecting effective cultivar combinations. 
, Materials and Methods 
Experimental design and observations 
Two separate experiments were performed to evaluate early-maturing and midseason-
maturing cultivars of oat. In order to simplify the mechanical harvesting of plots, blends 
were developed by mixing cultivars of the same maturity class, In the first trial, five early-
maturing cultivars (Dane, Don, Horicon, Sheldon, and Starter) were grown as pure-lines, all 
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possible two-cultivar blends, and all possible three-cultivar blends for a total of 25 entries. In 
the second trial, ten midseason-maturing cultivars (Blaze, Burton, Chaps, Jerry, Jim, 
Newdak, Ogle, Prairie, Premier, and Rodeo) were evaluated as pure-lines and as all two-way 
cultivar blends. With the addition of one experimental check line, IAR56-5, there were 56 
entries in the midseason-maturity experiment. Blends were developed by compositing equal 
numbers of seeds of each component line and mixing thoroughly before planting. 
Both experiments were grown during 1998 and 1999 at Ames (central Iowa), Nashua 
(northeastern Iowa), Crawfordsville (east central Iowa), and Lewis (west central Iowa). Soils 
at each location were: Nicollet silty loam (fine-loamy, mixed, superactive, mesic Aguie 
Hapludoll) at Ames, Readlyn loam (fine-loamy, mixed, mesic, Aguie Hapludoll) at Nashua, 
Mahaska silty clay loam (fine, smectictic, mesic, Aguie Argiudoll) at Crawfordsville, and 
Marshall silty clay loam (fine-silty, mixed, superactive, mesic, Typic Hapludoll) at Lewis. 
The experimental designs were a five by five square lattice for the early-maturity experiment 
and a seven by eight rectangular lattice for the midseason experiment. There were three 
replications of each experiment within each environment. Plots were 3. 72 m2 and consisted 
of four rows, each spaced 30 cm apart. Plots were sown at a rate of 1000 seeds per plot. 
Flowering date was recorded at Ames as the number of days after planting when fifty 
percent of the panicles in each plot were fully emerged. Plots were machine-harvested and 
grain yield (kg ha-1) and test weight (kg m-3) were measured on every plot. 
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Statistical analysis 
Analyses of variance for each trait were obtained using the GLM procedure of the 
SAS statistical computer program (SAS Institute, 1985). Stability was estimated for yield 
and test weight using Shukla's (1972) measure of genotype-by-environment interaction 
• 2 2 --vanance, cri . cri 
p q - - - 2 SS(GE) 
(p-2)(q-l) f=/X ij -xi. -x.j +X ) - (p-l)(p -l)(q-1) 
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L L (X · · - X · - X · + X ) 
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and p is the number of genotypes, q is the number of environments, xi/ is the observed mean 
value of genotype i in environment j, X 
l. 
is the marginal mean of genotype i, X . is the ., 
marginal mean of environment j, and x is the overall mean. Grain yield and test weight 
adaptability over environments were measured using Linn and Binns' (1988) superiority 
n 
statistic, Pi, which is defined as (X ij - M; / /(2n), where Xi is the value of the ith cultivar ,~ .. 
grown in the jth environment, ~- is the maximum response in the jth environment, and n is 
the number of environments tested. Mean squares and estimates of means for stability 
statistics were calculated using procedure GLM (SAS Institute, 1985). Sampling variances 
for Pi and cr2i were obtained with the jacknife procedure (Weir, 1996). Average stability and 
superiority of blends and pure-lines were compared using a one-way analysis of variance in 
procedure GLM in SAS (SAS Institute, 1985), in which the variation among entries within 
each group was used to test the significance of the mean differences. 
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Diallel analyses of yield and test weight in both experiments were performed for 
blend response and blend performance per se according to Gizlice et al. (1989). Models from 
Federer et al. (1982) were used to describe our results for blends: 
Yh .. = µ + ph +(-r. +-r. +S. +S .)/2+r .. +eh .. 
lj I j I j lj lj 
and for pure-lines: . 
y hi = µ + p h + r-i + 6 hi 
In this model, YhiJ is a mean value for a blend of genotypes i and j over replications at one 
environment, µ is the general mean effect, Ph is the hth environmental effect, ri is the 
deviation of the ith pure-line genotype from the mean of all pure-lines (two times GYA), 8/2 
is the TGCA of the ith genotype (in blends), rij is the SCA of genotypes i and j when grown 
together, and chij is a genotype-by-environment interaction effect. The genotype-by-
environment effect was further partitioned into GY A-by-environment, TGCA-by-
environment, and SCA-by-environment effects. Mean squares for each effect . were 
calculated using the GLM procedure of the SAS statistical computer program (SAS Institute, 
1985). Mean separations were based on Fisher's protected LSD at P < 0.05. 
Results and Discussion 
Effects of blending on grain yield and test weight 
Average grain yields and test weights were quite varied among the eight 
environments. The best environment for yield was Ames in 1999, with average yields of 
4226 and 4783 kg ha·1 for the early- and midseason-maturity experiments, respectively. The 
poorest environment was Crawfordsville in 1998, where the average yields were only 1830 
31 
kg ha-1 in the early-maturity experiment and 1779 kg ha-1 in the midseason-maturity 
experiment. Mean yields and test weights at each location were lower 1998 than in 1999 due 
to warmer-than-average spring temperatures in 1998. In general, environments that were 
better for yield were also better for test weight, and average test weights ranged from 429 to 
551 kg m-3 over all eight environments. 
Blend yields in the early maturity experiment were significantly greater than pure-line 
yields; however, blend and pure-line yields in the midseason maturity experiment were not 
different (Tables 1, 2, 3, and 4). In the early-maturity experiment, the highest yielding pure-• 
line, Dane, had grain yield equal to the highest yielding blend, Dane/Sheldon (Table 1). The 
highest yielding entry in the midseason-maturity experiment was a blend (Chaps/Jim), but it 
was not different than the best pure-line (Chaps) (Table 2). Although average blend yields 
were not always greater than pure-line yields in these experiments, they were never 
significantly lower. 
On average, blends yielded as well as or better than pure-lines in these experiments, 
but results within environments varied. Specifically, blend yields were lower than pure-line 
yields at Nashua during 1999 in the midseason-maturity experiment, and blend yields were 
greater than pure-line yields at Ames and Nashua in 1998 for the early-maturity experiment 
and at Crawfordsville in 1999 for the midseason-maturity experiment. Frey and Maldonado 
(1967) found that blend response in oat increased in poor environments, but there was no 
correlation between an environment's mean yield and its average blend response in our 
experiments. The average performance of blends over all environments and the more 
frequent superiority of blends in specific environments indicates that blending cultivars 
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offers a relatively low risk opportunity for higher grain yields if the appropriate cultivar 
mixtures are made. 
Blend test weights were greater than pure-line test weights in the early-maturity 
experiment, but not in the midseason-maturity experiment (Tables 1, 2, 3, and 4). The 
highest ranked entry for test weight in the early-maturity experiment was a pure-line, Starter 
(Table 1), but it was not different from the highest ranked blend, Horicon/Starter. In the 
midseason-maturity experiment, the pure-line with the highest test weight, Jerry, was not 
different than the best blends, Blaze/Jerry and Jerry.Premier (Table 2). In both experiments, 
the blend with the highest test weight included the best pure-line, indicating that blend 
performance may be largely determined by pure-line performance. Because the highest 
ranked test weights in both experiments were produced by pure-line cultivars, and because 
grain uniformity may be important to farmers who market their grain for milling for human 
consumption, blending for increased test weight has less potential than blending for increased 
yield. At the very least, farmers should grow cultivar blends that will produce sufficient 
grain uniformity to satisfy their marketing needs. 
Blend yields and test weights in the early-maturity experiment were greater than those 
of pure-lines; however, there were no differences between blend and pure-line yields and test 
weights in the midseason maturity experiment (Tables 1, 2, 3, and 4). The lack of positive 
blend response on average in the midseason-maturity experiment may be caused by a lack of 
genetic diversity in the experiment. In an attempt to simplify mechanical harvesting, the 
cultivars included in each experiment were separated by maturity, thus reducing potential 
genetic diversity in the blends. Horicon was grouped with early-maturing cultivars, but had 
an average heading date more similar to a midseason-maturity cultivar than to an early-
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maturity cultivar, perhaps because of the unusually warm temperatures during the early 
summer in 1998. If diversity of maturity date has a positive effect on blend response, this 
misclassification of Horicon should have resulted in increased GCA. Horicon, however, had 
a lower than average GBA (Table 5), and was not the cause of the greater blend response in 
the early-maturity experiment. Therefore, if genetic diversity is a source of blend response, it 
must be diversity of factors other than maturity that increase yield. 
In the early-maturity experiment, two- and three-component blend yields and test 
weights were compared, and no difference existed between the two for any trait (Table 3). 
The mean yields of two- and three-way blends were 3321 and 3356 kg ha·1, respectively, and 
the mean test.weights of two- and three-way blends were 476 and 475 kg m·3, respectively 
(Table 1). This indicates that although increasing the number of cultivars included in a blend 
increases genetic diversity, it did not affect blend performance. Frey and Maldonado (1967) 
obtained similar results from comparisons of two to six component blends in oat, and Clay 
and Allard (1969) concluded that barley blends containing up to ten components were no 
better than two-way blends. 
Effects of blending on stability 
Shukla's stability variance (Shukla, 1972) is an unbiased estimate of the genotype-by-
environment interaction variance for a given genotype. According to Shukla (1972), a 
cultivar · is stable if its genotype-by-environment interaction variance ( cr?) over all 
environments is small. Shukla's genotype-by-environment stability variance measures were 
significantly smaller in blends than in pure-lines for yield in the early-maturity experiment, 
but not the midseason-maturity experiment (Tables 1 and 2). Although test weight stability 
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was not significantly better in blends than in pure-lines, the blend with the smallest Shukla's 
variance for test weight in the early-maturity experiment (Dane/Starter) was significantly 
more stable than the most stable pure-line (Sheldon) (Table 1 ). 
One disadvantage of Shukla's stability measure is that it does not provide any 
information on the magnitude of yield of the cultivars. A cultivar that has a constant 
response to environments may be very stable, but if it is consistently low yielding, it is not 
useful to the farmer. Linn and Binns' (1988) adaptability parameter (Pi) compares the yields 
of test cultivars with the highest yielding cultivar at each location in the experiment, rather 
than with the mean yield of all cultivars. Smaller values of P; reflect greater adaptability of 
an entry across environments. The difference between Shukla's stability variance and Linn 
and Binn's adaptability parameter is demonstrated by their correlations with mean yield. In 
the midseason-maturity experiment, Shukla's variance had no correlation with mean yield 
(r = -0.039, P < 0.78), demonstrating that a cultivar's yield potential has little to do with its 
stability. Linn and Binns' adaptability parameter, however, was highly negatively correlated 
with grain yield (r = -0.964, P = .0001) because the adaptability parameter measures the 
magnitude as well as the consistency of yield across environments. Blends were significantly 
better-adapted than pure-lines on average according to Linn and Binns' adaptability 
parameter for yield in the early maturity trial, but were not different than pure-lines in the 
midseason experiment (Tables 1 and 2). 
The ecological principle that genetic diversity contributes to stability has been 
demonstrated in a variety of crops (Schutz and Brim, 1971; Finkh et al., 1992; Hoekstra et 
al., 1985), including oat (Frey and Maldonado, 1967). This principle is based on the 
assumption that a population of genetically heterogeneous plants will have a greater chance 
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of successful adaptation across a range of environments than a homogeneous population. 
Cultivar blends can capitalize on this principle by using a mixture of two or more pure-line 
cultivars grown in the field at the same time. Theoretically, each cultivar in a blend will be 
most fit in a different ecological niche, thus reducing competition between genotypes 
(Vandermeer, 1992). If, however, the cultivars included in a blend have very similar niches, 
little reduction in their competition for resources will occur. In our experiments, blending 
increased stability in the early-maturity experiment but had little effect on stability in the 
midseason-maturity experiment. One explanation for these results might be that the level of 
genetic diversity between cultivar pairs included in the midseason-maturity trial was not 
great enough to increase stability (i.e., the niche overlap among the midseason-maturing. 
cultivars was fairly large). 
Competing ability analysis . 
.. Our results for blend performance indicated that the possibility of increasing yields 
through blending particular cultivars exists. All blends were not better than all pure-lines, 
however, so methods for identifying superior blends will· be helpful to farmers and plant 
breeders. Comparison of the relative importance of variation in GY A, GBA, TGCA, and 
SCA effects can guide breeding efforts for improved cultivar blends. SCA and TGCA are 
measures of blending performa!}ce that exclude innate pure-line yielding effects (GYA). In 
our experiments, SCA effects were not significant {Tables 3 and 4), indicating that no 
individµal cultivar performed significantly better when blended with a single specific cultivar 
than it did with all cultivars. This lack of SCA simplifies the identification of superior blends 
because it makes the large and expensive task of evaluating all possible blend combinations 
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unnecessary. Similarly, TGCA effects were not significant in either experiment (Tables 3, 4, 
5, and 6). This means that no cultivars have an innate general blending ability that is better 
or worse than others on average, and therefore testing of blends is not necessarily. required to 
identify superior blend components 
_ Significant GYA (general yielding ability) and GBA (general blending ability) effects 
were found for grain yield and test weight in the early- and midseason-maturity experiments 
(Tables 3, 4, 5, and 6), and GY A and GBA effects were highly correlated (r = 0.85 and P = 
0.01 in the early-maturity experiment, and r = 0.95 and P = 0.0001 in the midseason-maturity 
experiment). Therefore, selection for the best blend combinations in oat can be made based 
simply on pure-line performance. This practice not only simplifies and quickens breeding for 
superior blends, it also allows farmers to select component cultivars without the help of 
breeders, simply by choosing the cultivars best adapted to their region based on cultivar trial 
bulletins. 
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Table 1: Mean heading date, grain yield, test weight, Shukla's genotype-by-environment 
stability variance (cr?), and Linn and Binn's adaptability parameter (Pi) for five early-
maturing pure-line oat cultivars and ten two-way and ten three-way cultivar blends 
evaluated at eight Iowa environments. 
Grain Yield stability Test weight stability 
Heading Grain Test 
Cultivar or blend Date yield P; cr;2 weight P; cr;2 
DAPt kgha-1 X 104§ X 103§ kgm-3 X 10§ 
Dane 70 3558 34 73 449 329 313 
Don 71 3107 57 33 479 81 197 
Horicon 76 3413 29 153 473 94 135 
Sheldon 74 3091 85 69 458 209 102 
Starter 72 3013 83 29 495 16 153 
Mean of all Eure-lines 73 3236 58 71 471 146 180 
' 
Dane/Don · 70 3477 17 22 467 148 88 
Dane/Horicon 71 3488 13 12 465 150 70 
Dane/Sheldon 70 3558 19 43 464 162 46 
Dane/Starter 71 3400 20 66 477 72 14 
Don/Horicon 70 3217 62 63 477 84 113 
Don/Sheldon 72 3245 41 34 476 80 68 
Don/Starter 71 3110 60 54 486 66 389 
Horicon/Sheldon 71 3296 38 63 474 96 57 
Horicon/Starter 71 3263 34 19 491 19 32 
Sheldon/Starter 71 3155 55 57 488 38 285 
Dane/Don/Horicon 73 3489 16 25 467 133 22 
Dane/Don/Sheldon 73 3477 18 42 468 137 57 
Dane/Don/Starter 71 3251 36 43 475 96 92 
Dane/Horicon/Sheldon 72 3521 14 61 475 91 102 
Dane/Horicon/Starter 72 3507 12 13 478 79 61 
Dane/Sheldon/Starter 71 3368 29 29 482 54 70 
Don/Horicon/Sheldon 73 3279 44 73 475 85 108 
Don/Horicon/Starter 73 3208 45 15 480 77 212 
Don/Sheldon/Starter 72 3224 40 44 473 116 242 
Horicon/Sheldon/Starter 73 3243 42 16 481 62 106 
Mean of all blends 72 3339 33 40 476 92 112 
LSD (0.05) 212 15 40 11 38 79 
Mean 2-way blend response 84* -22* -28 5* -54 -64 
Mean 3-way blend response 120* -28* -35 4* -53. -73 
Mean overall blend resEonse 102* -25* -32* 5* -54 -68 
*Significant at the 0.05 probability level. 
t Days after planting. 
§ Actual values equal to reported value times the indicated factor. 
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Table 2: Heading date, grain yield, test weight, Shukla' s genotype-by-environment stability 
variance ( cr/), and Linn and Binn' s adaptability parameter (Pi) for ten midseason-maturing 
pure-line oat cultivars and 45 two-way cultivar blends evaluated at eight Iowa environments. 
Grain yield stability Test weight stability 
Heading Grain Test 
Cultivar or blend Date yield pi cr? weight pi cr? 
DAPt kgha- -x 104§- -x 10 §- kgm- -x 10§-
Blaze 74 3868 19 81 508 84 282 
Burton 76 3262 98 62 485 266 198 
Chaps 74 3950 13 30 482 276 124 
Jerry 74 3278 111 67 531 2 37 
Jim 74 3885 21 49 496 169 209 
Newdak 75 3077 157 142 470 409 342 
Ogle 75 3546 60 100 465 498 154 
Prairie 75 3645 36 78 455 657 418 
Premier 75 3455 60 39 509 72 177 
Rodeo 78 · 3932 13 104 477 340 269 
Mean of all :eure-lines 75 3590 59 75 488 277 221 
Blaze/Burton 75 3423 84 113 494 191 592 
Blaze/Chaps 75 3926 15 33 496 152 141 
Blaze/Jerry 74 3711 43 196 520 42 457 
Blaze/Jim 73 3950 14 39 500 122 151 
Blaze/Newdak 75 3522 70 116 486 232 161 
Blaze/Ogle 76 3815 22 36 487 223 72 
Blaze/Prairie 75 3703 38 59 483 282 276 
Blaze/Premier 74 3707 31 68 511 59 139 
Blaze/Rodeo 76 4033 6 23 495 171 352 
Burton/Chaps 74 3562 54 60 482 285 156 
Burton/Jerry 73 3345 89 57 507 78 126 
Burton/Jim 73 3465 66 40 489 223 222 
Burton/Newdak 76 3256 104 56 483 278 304 
Burton/Ogle 77 3419 76 34 475 385 268 
Burton/Prairie 77 3299 88 50 469 475 585 
Burton/Premier 75 3196 110 25 495 171 192 
Burton/Rodeo 77 3509 58 31 483 308 646 
Chaps/Jerry 74 3676 36 23 511 60 62 
Chaps/Jim 75 4101 11 122 496 153 105 
Chaps/Newdak 73 3591 53 38 482. 276 87 
Chaps/Ogle 75 3815 28 88 478 340 237 
Chaps/Prairie 76 3686 33 47 465 507 266 
Chaps/Premier 76 3745 27 29 499 127 94 
Cha:es/Rodeo 76 3898 15 58 473 390 124 
Jerry/Jim 75 3664 44 53 516 50 344 
Jerry/Newdak 75 3255 115 85 506 92 264 
Jerry/Ogle 75 3564 58 50 493 183 297 
Jerry/Prairie 75 3424 76 32 493 177 18 
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Table 2, continued. 
Jerry/Premier 75 3420 77 61 520 42 377 
Jerry/Rodeo 76 3558 62 69 500 129 185 
Jim/Newdak 74 3649 54 177 484 251 112 
Jim/Ogle 75 3775 29 52 484 296 416 
Jim/Prairie 74 3824 24 132 478 362 474 
Jim/Premier 74 .3678 33 41 504 122 305 
Jim/Rodeo 73 3971 12 30 488 226 130 
Newdak/Ogle 74 3394 85 62 469 418 38 
Newdak/Prairie 75 3411 73 69 463 516 111 
Newdak/Premier 75 3221 126 80 489 217 171 
Newdak/Rodeo 76 3561 54 22 . 474 370 143 
Ogle/Prairie 76 3658 37 150 455 674 513 
Ogle/Premier 76 3591 47 83 481 326 352 
Ogle/Rodeo 77 3746 35 59 463 519 81 
Prairie/Premier 76 3432 67 67 475 380 265 
Prairie/Rodeo 77 3691 37 76 470 492 1034 
Premier/Rodeo 74 3691 31 42 484 259 93 
Mean of ali blends 75 3612 52 65 488 256 209 
LSD (0.05) 233 17 40 14 71 181 
Mean blend response 22 -7 -10 0 -21 31 
t Days after planting 
§ Actual values equal to reported value times the indicated factor. 
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Table 3. Analysis of variance ofblend response and blend yield per se for grain yield and 
test weight of five early-maturing oat cultivars and all possible two- and three-way cultivar 
blends grown at eight Iowa environments. 
Yield Test weight 
Source of variation df MS per se MS BRt df MS per se MS BR± 
Environments 
Entries 
Pure-lines (GY A) 
Blends 
2-way Blends 
GCA and TGCAt,§ 
SCAt 
3-way Blends 
Blends vs. Pure-lines 
2-way Blends vs. Purelines 
3-way Blends vs. Purelines 
2-way vs. 3-way Blends 
Entry x Environment 
Pure-line x Environment 
---x103----
7 16223**** 
24 
4 
19 
9 
4 
5 
9 
1 
1 
1 
1 
168 
28 
210**** 
445** 
154**** 
184*** 
395*** 
16 
135*** 
335** 
190* 
385** 
51 
46*** 
78*** 
96 
16 
7 31304**** 
24 784**** 
4 2416**** 
19 452**** 
9 742**** 
4 1576*** 
5 25 
9 207 
1 563* 
1 834* 
1 533* 
1 50 
168 136*** 
28 196* 
Blends x Environment 133 40*** 133 113*** 
120*** 
166*** 
76* 
2-way Blend x Environment 63 44** 63 
GCA!TGCA x Environment§ 28 55*** 52** 28 
SCA x Environment§ 35 35 35 35 
3-way Blend x Environment 63 38* 63 
Blerid vs. Pure-line x Environment 7 91 *** 7 
Error 285 26 285 
107*** 
339*** 
52 
*,**, ***,****Significant at .05, .01, .005, and .0001 probability levels, respectively. 
136 
25 
167*** 
76* 
t GY A, general yielding ability; GCA, general competing ability; TGCA, true general competing ability; SCA, 
specific competing ability. 
t MSBR: mean squares based on blend response entry residuals obtained by subtracting the mean of component 
pure-lines. 
§ Mean squares for the variable per se correspond to variance due to GCA. Mean squares for blend residuals 
adjusted for GY A effects correspond to variance due to TGCA. 
43 
Table 4. Analysis of variance ofblend response and blend yield per se for grain yield 
and test weight often midseason-maturing oat cultivars and all possible two-way 
blends grown at eight Iowa environments. 
Yield Test weight 
Source of variation df MS:,:ield MSBR± df MS yjeld MSBR± 
x103 
Environments 7 49595**** 7 53331**** 
Entries 54 514**** 54 2302**** 
Pure-lines (GY A) 9 923**** 9 4282**** 
Blends 44 440**** 44 1949**** 
GCAand TGCAt,§ 9 1800*** 199 9 9091*** 192 
SCAt 35 30 30 35 102 102 
Blends vs. Pure-lines 1 90 l 1 
Entry x Environment 378 52*** 378 210*** 
Pure-line x Environment 63 55*** 63 187*** 
Blends x Environment 308 51*** 308 216*** 
· GCA!TGCA x Environment§ 63 129*** 221*** 63 674*** 368*** 
SCA x Environment§ 245 36* 36* 245 98 98 
Blend vs. Pure-line x Environment 7 78*** 7 181*** 
Error 440 30 440 66 
*,**, ***,****Significant at .05, .01, .005, and .0001 probability levels, respectively. 
t GY A, general yielding ability; GCA, general competing ability; TGCA, true general competing ability; SCA,. 
specific competing ability. 
t MSBR: mean squares based on blend response entry residuals obtained by subtracting the mean of component 
pure-lines. 
§ Mean squares for the v;µiable per se correspond to variance due to GCA. Mean squares for blend residuals 
adjusted for GY A effects correspond to variance due to TGCA. 
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Table 5. General blending ability (GBA), true general competing ability (TGCA), and 
general yielding ability (GYA) effects for yield and test weight of five early-maturing spring 
oat cultivars grown as pure-lines and all possible two-way blends in eight Iowa 
environments. 
Yield (kg ha-1) Test Weight (kg m"3) 
GBA GYA TGCA GBA GYA TGCA 
Cultivar ('t;/2 + 8;/2) ('t/2) (8;12) ('t;/2 +8;/2) (i:;12) . (8;/2) 
Dane 255 161 94 -50 -11 4 
Don -36 -65 28 3 4 -1 
Horicon 35 88 -53 5 1 3 
Sheldon 32 -73 · 105 -4 -6 6 
Starter 77 -111 35 62 12 3 
Mean 42 0 42 3 0 3 
LSD (.05) 98 106 NS 5 5 NS 
NS, non-significant at P > 0.05 
Table 6. General blending ability (GBA), true general competing ability (TGCA), and 
general yielding ability (GYA) effects for yield and test weight of ten midseason-maturing 
spring oat cultivars grown as pure-lines and all possible two-way blends in eight Iowa 
environments. 
Yield (kg ha- ) Test Weight (kg m- ) 
GBA GYA TGCA GBA GYA TGCA 
Cultivar (i:i/2 + 8;) (i:i/2) (8;/2) ('ti/2 +8;) (i:i/2) (8;/2) 
Blaze 171 139 22 10 10 0 
Burton -243 -164 -106 -2 -1 0 
Chaps 198 180 14 -1 -3 2 
Jeny -100 -156 46 22 21 1 
Jim 207 148 48 6 4 2 
Newdak -195 -256 34 -7 -9 2 
Ogle 45 -22 93 -13 -12 -2 
Prairie -36 28 -51 -17 -16 -1 
Premier -92 -68 -8 9 11 -2 
Rodeo 155 171 18 -7 -5 -2 
Mean 11 0 11 0 0 0 
LSD (.05) 101 116 NS 7 7 NS 
NS, non-significant at P > 0.05 
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CHAPTER 4: SSRs, INTRON-BASED SEQUENCE TAGGED SITES, AND AFLPs 
AS MEASURES OF GENETIC DIVERSITY IN OAT 
A paper to be submitted to Nature 
S. J. Helland* and J. B. Holland 
Introduction 
Simple sequence repeats (SSRs), or microsatellites, are a type of DNA marker that 
tends to exhibit high levels of polymorphism within species. In addition to their variability, 
SSRs are relatively inexpensive, fast, and can be used to identify specific chromosomal 
regions consistently across populations. Each SSR is a tandem repeat of one or more short, 
. 
simple sequences of two to six nucleotides. Because SSRs are likely the result of slippage 
during DNA replication (Levinson and Gutman, 1987), they are located randomly throughout 
euchromatin and are highly variable· in length. Chin et al. (1996) found 34.5% 
polymorphism among a random selection of maize microsatellites, and Taramino and Tingey 
(1996) also reported a set of maize SSR markers with a level of polymorphism equal to that 
of RFLPs. Polymorphism is detected using oligonucleotide primers complementary to 
conserved sequences flanking repeats in a polymerase chain reaction (PCR). Gel 
electrophoresis can then be used to separate PCR amplification products according to size, 
allowing detection of differences in the number of repeats targeted and amplified. SSRs are 
randomly distributed throughout the maize genome (Senior et al., 1998), allowing them to be 
used successfully in genome mapping, genetic fingerprinting, and in surveys of genetic 
diversity (Chen, et al., 1997; Zietkiewicz et al., 1994; Levi and Rowland, 1997). 
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PCR primers flanking introns (the untranslated regions of a gene) have the potential 
to be used in much the same way as SSRs if there is a high amount of variability for the 
length of introns among genotypes of the same species. The relative levels of allelic 
variability for intron length and exon or other gene region lengths have not been well-studied 
(Long and de Souza, 1998). It might be expected that intron length polymorphism is 
relatively widespread among alleles of a common gene if insertions and deletions within 
introns have small effects on fitness. Hongtrakul et al. (1998) have found preliminary 
evidence of intron length polymorphism in sunflower (Helianthus annus L.) caused by 
insertions, deletions, and differences in lengths of monomeric repeats. Because introns are 
not translated and do not contribute to protein structure, they may be neutral with respect to 
fitness, and therefore highly variable. Hughes and Yeager (1997) compared rates of 
evolutionary change ( e.g. substitution and deletion) in introns and exons in mouse (Mus 
musculus L.) and rat (Rattus norvegicus [Berkenhout ]). They found that for orthologous 
genes, intron sequences were approximately seven times more different than exon sequences. 
Under the assumption that intron sequences evolve independently of function, they have been 
used as estimates of "genetic time" in phylogenetic studies (He and Haymer, 1997; Johnson 
and Soltis, 1994). 
Conversely, there is evidence that introns play a role in gene expression in plants 
(Bolle et al., 1996; Long and de Souza, 1998). Introns contain the splice sites that direct their 
correct removal from the gene when initial transcripts are processed to mature RNAs (Lewin, 
1997). If these sites are changed or removed, the gene product will be altered, probably 
resulting in a non-functional protein (Brown, 1996). Laurie and Stam (1994) determined that 
polymorphism within an intron of the alcohol dehydrogenase gene in Drosophila 
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melanogaster has an effect on the amount of protein present. Similarly, Chetelat et al. (1995) 
found that the protein products of the important sucrose accumulation gene in tomato 
(Lycopersicon esculentum [Milli]) are controlled in part by a single base pair deletion in the 
second intron. In addition to sequence effects on protein products, intron size itself may be 
subject to selection pressures. In regard to levels of recombination and splicing efficiency, 
Carvalho and Clark (1999) found that natural selection favors a moderate (sixty to eighty 
base pairs) intron size. 
Public databases of plant gene and protein sequences represent a valuable and 
growing resource for plant genetics and breeding. SSRs can· often be detected in gene 
sequences by searching for diagnostic repeat sequences. PCR primers targeting the flanking 
regions with high specificity can then be developed to make DNA markers. Genomic DNA 
sequences (in contrast to cDNA sequences) from the public databases often indicate the 
positions of introns within the primary gene sequence. Therefore, genomic sequence 
information can be used to develop PCR primers flanking the intron regions of known genes 
with high specificity. It may be possible to use such PCR primers as an alternative source of 
DNA markers that share the advantages of SSRs in variability, specificity, speed, and· 
. . mexpens1veness. 
Genbank, a database supported by the National Center for Biotechnology Information. 
(http://www.ncbi.nlm.nih.gov/Entrez/nucleotide.html), is one source of plant gene sequences. 
It contains varying amounts of information about a wide variety of crop and research species. 
There are 31,045 total sequences and 189 intron-containing sequences from Zea mays, and 
89,308 total sequences and 678 intron-containing sequences from Arabidopsis thaliana in 
Genbank (March 2000). Resources for oat species, however, are significantly smaller. The 
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database includes 254 cDNA, genomic, chloroplast, intron, spacer, and . repeat sequences 
from ten species in the genus Avena. A majority of the sequences are mRNA or cDNA 
sequences from Avena sativa, and these 197 sequences can be searched for SSRs. Genbank 
reports only nine genomic sequences containing introns, two of which are from chloroplasts. 
We wish to use these nuclear genomic and cDNA sequences from Genbank in an attempt to 
develop PCR-based DNA markers with high levels of polymorphism for oat genetics and 
breeding. 
One disadvantage of sequence specific primer methods like SSRs and introns is the 
time required to identify target sites and design appropriate primers. AFLP (amplified 
fragment length polymorphism) involves amplification of random fragments of DNA, thus 
universal primers can be used (Vos et al, 1995). In screening genotypes for AFLP, DNA is 
digested with two restriction enzymes and adaptors are ligated to each end. To eliminate 
fragments cut by the same enzyme at both ends, a biotin molecule is included in one of the 
adaptors. Magnetic selection eliminates all fragments with two biotin molecules. Primers 
complementary to each adaptor are added, and the primer complementary to the biotin-
enhanced adaptor has either a radioactive or fluorescent component. This ensures that only 
fragments cut by both enzymes will be amplified and prevents amplification of an 
unmanageable number of fragments. Use of radioactively or fluorescently labeled primers 
permits the amplification products to be visualized directly on the gel or indirectly by 
exposing the gel to x-ray film. 
AFLP analysis has proven useful in a variety of genetic diversity experiments, 
including those in rice (Oryza sativa L.) (Cho et al., 1996), tea (Camellia sinensis L.) (Paul et 
al., 1997), and soybean (Glycine max L.) (Maughan et al., 1996). Traditionally, AFLP 
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markers produce the highest number of bands per experiment of all molecular markers 
(Powell et al., 1996), allowing for greater chances of polymorphism. Hua et al. (1998) 
reported a much lower level of polymorphism per band (ten percent) in oat, however; thus 
comparison of AFLP markers with intron and SSR markers is needed to determine which 
marker type is most useful. 
We applied AFLP, SSR, and intron molecular markers to a diverse sample of oat 
. pure-lines, including diploid Avena accessions and currently grown hexaploid A. sativa 
cultivars with varying degrees of pedigree similarity. The objectives of this experiment were 
to 1) develop PCR primers targeting intron and SSR sequences within previously sequenced 
Avena genes, 2) · correlate levels of polymorphism with coefficients of parentage between 
lines, 3) compare the gene and genotype diversity of the SSR and AFLP markers with those 
of the intron markers, and 4) identify a:ny markers that are polymorphic in diploid and 
hexaploid Avena mapping population parents and place these loci on existing linkage maps. 
Materials and Methods 
DNA isolation 
DNA was isolated from 22 A. sativa cultivars (Kanota, Skakun, Coker, Clintland, Victoria, 
Horicon, Dane, Don, Sheldon, Starter, Ogle, Tam-0-301, Blaze, Burton, Chaps, Jerry, Jim, 
Newdak, Prairie, Premier, Rodeo) and two diploid oat accessions (A.. strigosa Schreb. 
CI3815 andA:wiestii Steud. CI1994). The Puregene protocol (Genexpress, Vienna) was used 
to isolate genomic DNA from plants before flowering. A one-cm2 tissue sample was 
collected from a single plant of each cultivar and placed in a 1.5-ml microcentrifuge tube. 
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The sample was immediately frozen in liquid nitrogen and finely ground. Six hundred µl cell 
lysis solution were added, and samples were incubated in a heating block at 65° for 30 
minutes. The samples were then inverted 10 times and again incubated at 65° for 30 
minutes. Samples were allowed to cool at room temperature for five minutes. Three µl 
RNAse were added to each sample. The samples were inverted 25 times and incubated in a 
37° heating block for 15 minutes. Samples were then cooled tb room temperature. Two 
hundred µl of Puregene protein precipitation solution were added to each sample before 
vortexing for 20 seconds. Samples were placed on ice for five minutes and centrifuged at 
16000 x g for three minutes. The supernatant was pipetted to a fresh tube containing 600 µ1 
isopropanol and inverted 50 times. Samples were centrifuged at 16000 x g for 1 minute, and 
supernatant was poured off The DNA pellet was rinsed with 300 µl 70% ethanol and spun 
at 16000 x g for 1 minute. Supernatant was removed-from each tube with a pipetteman. 
Samples were dried in a recirculating air hood for two hours, resuspended in 100 µl O .1 X TE 
buffer, and stored at 4°C. 
DNA from 100 F6:8 recombinant inbred lines (RILs) from a cross between CI3815 
and CI1994 (Rayapati et al., 1994; Kremer et al., 2000) was used to map polymorphic 
markers on the diploid Avena strigosa x A. wiestii RIL map. DNA from 135 F6:8 RlLs from a· 
cross between Tam-0-301 and Ogle were used to map markers in hexaploid oat. (Portyanko 
et al., 2000). 
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PCR primer design for SSRs and introns 
Twenty- six PCR primer pairs were developed from eighteen DNA sequences of A. 
jatua and A. sativa published in GenBank. Target sequences were either intron sequences 
from the complete DNA sequence of a gene or SSRs visually identified in either cDNA or 
DNA gene sequences. Primers were designed with the Prophet program (BBN Systems and 
Technologies, 1997) using the following criteria: 
Optimal primer length: 20 base pairs 
Optimal melting temperature: 60° 
Optimal GC content: 20-60% 
Amplified product size: 100 to 200 base pairs 
Once designed, each primer was evaluated for dimer and hairpin quality in the Primer 
Premier program (Premier Biosof International, 1996). Those primers used had a Gibbs free 
energy less than 0.3 kcals/mol. Selected primers (Table 1) were synthesized by the DNA 
Synthesis Facility at Iowa State University. 
Restriction digestion and primer labeling for AFLPs 
Restriction digestion and primer labeling procedures for AFLP analysis were 
modified from Vos et al. (1995). DNA from five early-maturing (Horicon, Dane, Don, 
Sheldon, and Starter) and ten midseason-maturing (Ogle, Blaze, Burton, Chaps, Jerry, Jim, 
Ogle, Newdak, Prairie, Premier, and Rodeo) cultivars were digested with two restriction 
enzymes (EcoRI and Taq I). First, 1.5 µg of DNA was cut with 12.5 units of Taq I for three 
hours at 65 °C. Samples were cooled at room temperature for 15 minutes, and 12. 5 units of 
EcoRI were added. Samples were then incubated at 37 °C for three hours. Two adapters 
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consisting of a core sequence and an enzyme specific sequence (to assure irreversible 
ligation) were added to the digested DNA and the mixture was placed in a beaker of water at 
65 °C. Samples were then placed in a refrigerator at 4 °C until the temperature reached 20 °C 
or lower (about one hour). Then T4 DNA ligase was incubated with samples for four hours 
at l 6°C to ligate the restriction fragments and adapters. Within each adapter pair, one of the 
adapters had a biotin molecule attached for use in selection of correctly cut fragments, thus 
all fragments with Taq I cut sites at both ends were eliminated. Before PCR was performed, 
seven randomly chosen Taq I universal primers were selectively labeled with y 33P-ATP 
using T4 polynucleotide kinase, 1.5 µl of primer (50 ng/µl), 0.2 µl of T4 polynucleotidc 
kinase, and 1 µl of isotope. These seven universal primers and their sequences are listed in 
Table 2. Each of the primers were incubated at 3 7 ° C for 1 hour, followed by a heat 
inactivation step of the T4 polynucleotide kinase at 70 °C for 10 minutes. 
PCR 
Target SSR and intron sequences were amplified using PCR. Five µl of DNA from 
each line were loaded into a 96 well PCR plate. Ten µl of polymerase solution (4.3 µl water, 
1.5 µl Bovine Serum Albumin, 1.5 µl l0X L-buffer [100 mM Tris-HCL + 15 mM MgCh + 
500 mM KCI + 1 mg/ml gelatin at pH 8.3], 0.6 µl MgCI, 0.6 µl dNTPs, 0.5 µI TAQ 
Polymerase, 0.5 µl left primer, and 0.5 µI right primer) were pipetted into each well of the 
plate, and one drop of mineral oil was added to each sample. The plate was covered, placed 
in the PCR machine, and subjected to an initial hot start of 95° C for one minute. Then the 
plate was cycled through three steps of 94° C for one minute, 65° C for one minute, and 72° 
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C for two minutes. After this initial cycle, the same cycle was repeated ten more times with a 
one degree decrease in the middle cycle each time. The tenth cycle (94° C for one minute, 
55° C for one minute, and 72° C for two minutes) was repeated twenty times, and the final 
step was a 4° C cooling step. 
The conditions for PCR amplification for AFLP analysis were as follows: 2µ1 of 
genomic DNA digest, 0.6 µl AFE primer (30 ng), 0.5 µI AFT unlabeled primer (25 ng), 1 µI 
AFT 33P-ATP labeled primer (5 ng), 2 µl lOX PCR buffer (from Gibco BRL), 4 µl 1.25mM 
dNTP's, 0.6 µl 50mM MgCh, 0.2 µl Taq polymerase (from Gibco BRL), and 20 µI water per 
reaction were mixed in a tube and pipetted into a PCR plate. The PCR cycle was performed 
for 36 cycles with the following cycle profile: a 3 minute DNA denaturation step at 94 °C, a 1 
minute annealing step, and a 1 minute and 30 sec extension step at 72 °C. The annealing · 
temperature in the first cycle was 65 °C. It was subsequently reduced each cycle by 0. 7 °C 
for the next 12 cycles, and was continued at 56 °C for the remaining 23 cycles (Vos et al., 
1995). When the PCR reaction was complete, 16 µI of STOP buffer (98% formamide, 10 
mM EDTA pH 8.0, bromo phenol blue and xylene cyanol) were added to each sample. 
Gel electrophoresis 
Four percent Metaphor agarose gels with 7.5 µI ethidium bromide were used to 
separate the DNA products of the PCR for intron and SSR primers. The contents of each 
well of the PCR plate were loaded on a gel, and gels were run at 95 volts for six hours in IX 
TBE buffer. The gels were then exposed under UV light to detect DNA band fluorescence. 
PCR products in the AFLP analysis were run on a 6% polyacrylamide denaturing gel 
as described by Vos et al. (1995). The gel matrix was prepared using 6% acrylamide, 9.0 M 
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urea in 60mM Tris/60mM Boric acid/lmM EDTA. 500 µl of 10% APS and 100 µl of Terned 
were added to 100 ml of gel solution, and gels were cast using a Segui Gen 3 8 x 50cm gel 
apparatus (BioRad Laboratories Inc., Hercules, CA, USA). A lO0mM Tris/1 00mM Boric 
acid/2mM EDTA running buffer was used. While the gel was pre-run to reach a temperature 
of 50°C, PCR samples were denatured at 95°C for 6 minutes, and were then placed 
immediately on ice. Five microliters of each sample were loaded into each well. The gel ran 
at 1800 volts and 150 amps for the first 15 minutes to reach 50°C again. Once this 
temperature was obtained, the amperage was decreased to 115 amps. The gel ran for 
approximately 2 hours, or until the bromophenol blue dye reached the bottom. The gel was 
then dried at 80°C for about 1 hour. Finally, the gel was exposed to Kodak X-OMat film for 
3 days at -80°C. 
Data analysis 
SSRs and introns 
All PCR reactions and electrophoretic separations were performed twice 
independently for SSR and intron primers. The resulting pictures were scored independently 
by two researchers. 
Distribution, frequency, and size of bands from intron and SSR primers were used to 
determine levels of genetic diversity. Gene and genotypic diversity are two examples of the 
various methods used to characterize the amount of polymorphism within a set of lines for a 
particular genetic marker. When measuring polymorphism for these indices, only the 
polymorphic primers' results are evaluated (in this case, nine SSR and seven intron 
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sequences). Genotypic diversity at the jth locus (Gj) is 
g; 2 
1 - I: p. , where Pi 1s the 
i l 
frequency of the ith genotype (Garcia et al, 1989). Genotypic diversity measures the 
frequency of each different combination of bands, or each genotype, among lines in one 
primer set. Gene diversity (H), on the other hand, is the probability that two different 
individual bands chosen from among lines in one primer set will be different (Grauer and Li, 
1991 ). It measures individual allele diversity among lines within a primer set as _!__ !H. 
B ; lX 
Ji 2 
where B is the number of band positions, H;x = 1- Z:.Ax is the number of differently sized 
1 
bands, j1 is a particular genotype, and Pijx is the frequency of a specific band. 
Each mapping population gel was scored according to parental types either for 
presence or absence of parental bands (Rastl-4, Amy2D, Glav3, 12SSP) or for band size 
(Amy2A). The genotypic scores were tested for goodness of fit to a model of 1: 1 segregation 
in the population using a chi-square test. Data were imported into MapMaker 3.0b (Lander 
et al., 1987) and loci were localized on an existing map of each population using the 
Kosambi mapping function. Once the new loci had been added to the data sets, each locus' 
linkage group was identified using the "group" command. Any pair of loci with a LOD of 3 
or more and a distance of 40 cM or less was considered linked, and these loci were used with 
the "order" command to determine the arrangement of the loci. Once linear order was 
determined, the command "make chromosome" was used to make a reference linkage group 
including the relevant locus. Those marker loci that could be assigned to unique positions 
were definitively placed in the linkage group and were used to "anchor" and "frame" it. 
Remaining loci were then added to the linkage group using the "assign" command. These 
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loci were inserted on the chromosome using the "place" and "together" commands. Loci 
that did not map uniquely at LOD 2.0 were placed in the most likely interval. 
AFLPs 
PCR reactions for AFLP analysis were performed once, and autoradiograms were 
scored twice by. two different researchers. Polymorphisms were. identified by comparing 
sample lanes to lambda markers. Genetic similarity estimates were calculated between all 
pairs of individuals in all possible combinations using the Dice coefficient (Dice, 1945). 
According to this coefficient, the genetic similarity estimate (GSE) is the measure of genetic 
similarity between a pair of samples, i and j: 
GSEil= 2a/(2a + b + c), where: 
a= the number of bands common to lines i and} 
b = the number of bands present in {but absent in} 
c = the number of bands absent in i but present inj 
All calculations and analyses . were conducted usmg the Numerical Taxonomy and 
Multivariate Analysis System - personal computer (NTSYS-pc) program (Rohlf, 1992). 
Genetic distances were then correlated with coefficients of parentage for each pair of lines 
usingPROC CORR (SAS Institute, 1985). 
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Results and Discussion 
Primer development for SSR and intron sequences 
Primer development was successful and relatively simple. The ideal size of 
successfully binding primers is close to twenty base pairs, and the optimal product size is 
between 70 and 270 base pairs (Chin et aL, 1996). When designing primers for microsatellite 
markers, we selected target sequences with the longest string of perfect tri- or tetra-
nucleotide repeats possible. Chin et al. (1996) and Taramino and Tingey (1996) both 
concluded that tri- and tetranucleotide repeats are more easily scored than dinucleotide 
repeats. Due to our stringent criteria for repeat selection and the limited quantity of Avena 
sequences published on Genbank, our target sites ranged from only eleven to 185 base pairs 
(Table 1). Intron target sites tended to be larger (186 to 300 bp). However, most published 
sequences are those of the protein coding sections of a gene ( cDNA or exons ), thus there 
were only nine intron-containing sequences available in the database for Avena. This limited 
the sample size of intron markers in our comparison. In total, fourteen sets of primers were 
developed for SSRs, and twelve sets of primers were developed for intrans (Table 1 ). 
Fragments were amplified with all of the primer pairs for intron target sites, and with twelve 
of the fourteen SSR primer pairs. 
Null alleles were produced in many lines for eight SSR primer pairs and eight intron 
primer pairs. This may have occurred due to failed amplification reactions; however, the 
experiments were repeated using different DNA isolations with reproducible results,and the 
lines with null alleles for one marker amplified products for other markers. It is also possible 
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that some lines may have large insertions at targeted regions, resulting in a target sequence 
too large for PCR amplification. Under the reaction conditions used, the maximum target 
size that can be reliably amplified is one kilobase (Cha and Thilly, 1995). Finally, 
polymorphism at the PCR primer binding sites could result in null alleles. A small deletion 
or mutation at the primer binding site would be effective in preventing primer binding and 
target site amplification. 
Gene and genotypic diversity of SSR and intron markers 
Frequency of polymorphism in this· experiment was affected very little by the type of 
sequence targeted (either SSR or intron sequences) (Table 2). Nine of 14 (64%) SSR 
sequences were polymorphic in the lines investigated, and 7 of 12 (58%) intron sequences 
were polymorphic. Therefore the SSRs were 17% more polymorphic overall. The small 
sample size of lines and sequences tested may have limited the power to detect real 
differences in polymorphism between the two cultivars, though, and a larger number of 
markers and lines are needed to make firm conclusions. 
Straightforward measures can be used to estimate polymorphism within a set of lines 
for a primer, including the total number of bands across all of the lines for each primer and 
the average, minimum and maximum number of bands per line within a marker set. Though 
there were more total bands across all lines within a primer set for intron sequences, there 
were approximately the same average, minimum, and maximum numbers of bands in all of 
the lines whether an intron or SSR primer was used (Table 2). There were also slightly 
higher levels of gene and genotypic diversity in intron marker sets (Table 2). Overall, the 
intron markers were slightly more polymorphic within each primer set; however, due to small 
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sample sizes, these results are preliminary. In light of this information, the overall greater 
frequency of finding polymorphic primers when targeting SSRs, and the small number of 
lines and markers tested, we conclude from this initial experiment that there is no great 
difference in the frequency of polymorphism in SSR-based molecular markers and intron-
based molecular markers in oat. Further experiments with greater numbers of primers and 
lines tested in a variety of species would be of interest, however. 
In general, our AFLP markers allowed for analysis of 50-100 loci. (bands) per primer, 
a much higher number than that found in SSRs or AFLPs (Tables 3 and 4). Higher band 
numbers will yield greater numbers of polymorphisms in most species. In our fifteen 
cultivated oat lines, however, the level of polymorphism was much lower than that reported 
for other species (Maughan et al., 1996; Mackill et al., 1996) Of the 424 total bands in the 
early-maturing lines, only 32 (7.5%) exhibited polymorphism. Among the midseason- · 
maturing lines, 46 (10.8%) of the 438 bands were polymorphic (Tables 3 and 4). Over all 
fifteen lines, 47 (10'.7%) of 439 bands were polymorphic. Of the seven investigated primers, 
T25/E26 had the highest percentage of polymorphism (11.8% and 18.9% in the early and 
midseason-maturing lines. respectively) and T25/E24 the lowest percentage polymorphism 
(6.1 %) in the early-maturing lines and T24E40 had the lowest percentage polymorphism in 
the midseason-maturing lines (6.3%) (Tables 3 and 4). Overall, the midseason-maturing 
cultivars had a slightly greater number of polymorphic bands than the early-maturing lines on 
average, though there too few lines were investigated to draw definite conclusions. 
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Correlation between marker-based diversity measures and coefficients of parentage 
We were unable to correlate either SSR or intron marker-based measures of genetic 
diversity among pairs of cultivated hexaploid oat lines with their corresponding coefficients 
of parentage. Though there were large size and frequency differences in banding patterns 
between the hexaploid spring oat cultivars and the diploid and winter oat lines, band 
differences were slight and fairly infrequent among the hexaploid spring oat cultivars. This 
is probably the result of breeding practices. Not only do these cultivars often have common, 
desirable ancestral/parental lines, they have all undergone rigorous selection by breeders for 
favorable traits (such as small awns, light seed color, shorter height, and adaptive flowering 
time). For example, Amy2D.:.2 products fluoresced as three basic genotypes: the diploid 
lines (CI3815 and CI1994) exhibited no bands, a single fall-sown oat cultivar, Kanota, 
exhibited a single 190 base pair band, and all other cultivars (primarily spring-sown types) 
had the 190 base pair band and another 170 base pair band. 
We determined genetic distances among the five early-maturing spring oat lines and 
among the ten midseason--maturing spring oat lines using AFLP data, however, and 
correlated them with coefficients of parentage (Tables 5 and 6). Though both statistics 
measure genetic similarity, there was almost no correlation between the two. Souza and 
Sorrels (1991) found a positive correlation between coefficient of parentage and genetic 
distance based on allozymes in oat; however, their study was performed on seventy diverse 
cultivars, with latitudes of origin ranging from 30°N to 47°N. De Koeyer et al. (1999) 
calculated coefficients of parentage and measured genetic diversity using RFLPs in twelve 
high yielding, similarly adapted lines and found results similar to ours. O'Donoughue et al. 
(1994) also reported a non-significant correlation between coefficient of parentage and 
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RFLP-based genetic diversity measures, and suggested that innaccurate breeding records, 
unknown ancestral relationships, genetic drift, selection, and sampling of loci could cause 
this result. Our small sample of random markers may also have been insufficient to measure 
the genetic differences that coefficients of parentage imply. Addition of more primers or use 
of more polymorphic primers might increase the correlation, and would certainly give more 
accurate results. 
Mapping in diploid and hexaploid populations 
All polymorphic loci were tested for polymorphism in the diploid and hexaploid oat 
mapping populations (Table 7). Rastl-4 (SSR marker), Amy2D, Amy2A, and Glav3 (intron 
markers) were polymorphic in the hexaploid population. 12SSP (intron marker) was 
polymorphic in the diploid population (Table 7). 
Primers for the Amy2D gene amplified a· I 60 base pair band that was present in half 
of the hexaploid progeny lines. This marker maps to the top of linkage group OTIS (Figure 
la). (The current map for this hexaploid population has 38 linkage groups rather than the 
expected 7 X 3 = 21.) 
Rastl-4 produced two bands. One 90 base pair band was present in all of the 
recombinant inbred progeny of the hexaploid population, and the other 120 base pair band 
was present in half of the progeny. These results indicate a repeat of this SSR sequence in 
one of the parental genomes. This repeat could be the result of a duplication in the same 
genome, or because oat is a hexaploid, a second band could represent a slightly larger version 
of the same gene in a different genome. Rastl-4 mapped to the center of OTl 1 (Figure lb). 
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Amy2A also produced two bands. The 90 base pair band was present in all lines and 
the 110 base pair band was present in over half of the lines. This marker was placed ( at LOD 
< 2) nonspecifically in the upper half of OT32 between cdo545b and rz143a (Figure le). 
Glav3 gene primers produced two distinct bands of 190 and 250 base pairs. Each set 
of these bands were scored for presence or absence, and the presence of one band in a line 
was coupled to the absence of the other band 87% of the time. This indicates that two fairly 
closely linked loci were amplified by the Glav3 primers. These loci (Glav 3.1, Glav 3.3) 
were placed at the top oflinkage group OT8 with a LOD less than two (Figure ld). 
Results similar to those ofRastl-4 and Amy2A were found for 12SSP. The 200 base 
pair band was present in every line and the 180 base pair band was present in approximately 
half of the lines. 12SSP mapped to the middle of linkage group AswD on the diploid map 
(Figure 2). 
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Table 1: Source, length and target sequences of PCR primer pairs. 
Target 
Gene Description GenBank sequence Primer Length (bp) 
Accession Size (bp) Target Sequence L R 
DNA Binding Protein mRNA (A. fatua) Z48431 57 ( cca-)2(gcc )z( cag)4-(gtc )4 20 20 
(Rushton et al., 1995) 
DNA Binding Protein mRNA (A. fatua) Z48429 49 (ggc )s-(gcg)s 20 18 
(Rushton et al., 1995) 
NPHl-1 Non-phototrophic hypocotyl gene AF033097 76 (gct)3+1+i-(ggc) 20 19 
(A. sativa) (Huala et al., 1997) 
23 ( tgta )3( ctgcatg)2 20 20 
NPHl-2 Non-phototrophic hypocotyl gene AF033096 185 ( agg)3+ 1-(ggc )s-( tee h(gcc )z 20 18 
(A. sativa) (Huala et al., 1997) 
14 (atgta)3 22 20 
UDP-glucose:sterol glucosyltransferase Z83832 36 (tcg-)3(gtt-)6 20 20 
mRNA (A. sativa) (Warnecke et al., 1997) 
GLAVl gene for 11S globulin (A. sativa) X74740 21 (ctaacag)3 20 20 
(Tanchak et al., 1995) 
AP5 mRNA fragment for phytochrome (A. X03244 20 (cac-)4 20 21 
sativa) (Hershey et al., 1985) 
Ttype 3 phytochrome phy3 gene (A. Ml8822 11 (att-)3 20 20 
sativa) (Hershey et al., 1987) 
Avenin mRNA(A. sativa) M83381 128 (gca )4( caa )s-C age-)2 20 20 
(Chesnut et al., 1989) 
Thaumatin-like pathogenesis-related L39777 12 (aaat)3 20 19 
protein Rastl-4 gene (A. sativa) 
(Lin et al. 1996) 
Myba gene for myb protein (A. sativa) AJ133638 36 (gaga )4( tee-)4 20 20 
(Rollason et al. 1999) 
Phy3 type 3 phytochrome gene (A. sativa) Ml8822 12 (tata)3 22 20 
(Hershey et al. 1987) 
Alpha-Amylase Amy2D gene (A.fatua) AJ010729 272 Intron I + 126 bp in exon 20 20 
(Wilmott et al. 1998) 
193 Intron 2 + 38 bp in exon 20 20 
Alpha-Amylase Amy2A gene (A.fatua) AJ010728 212 Intron 3 + 46 bp in exon 20 20 
(Wilmott et al. 1998) 
12S seed globulin pseudogene (A. saliva) X68648 293 Intron 1 + 125 bp in exon 20 20 
(Schubert et al., 1994) 300 Intron 2 + 132 bp in exon 20 22 
GLA V 1 gene for 11 S globulin (A.sativa) X74740 190 Intron I + 33 bp in exon 20 20 
(Tanchak et al., 1995) 
244 Intron 4 + 104 bE in exon 21 20 
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Table 1, continued. 
GLAV 3 gene for 11S globulin (A.saliva) X74741 282 Jntron 1 + 125 bp in exon 20 20 
(Tanchak et al., 1995) 
195 Intron 2 + 81 bp in exon 20 22 
SSP12 gene for seed storage protein X17637 186 Intron 1 + 29 bp in exon 20 20 
(A. saliva) (Schubert et al., 1990) 193 Jntron 2 + 25 bp in exon 20 22 
190 Intron 3 + 50 bp in exon 20 2(; 
Table 2: Gene and genotypic diversity of polymorphic primer sets. 
Total# of Avg.# bands Number of 
band across Min.# bands genotypes (banding Genotypic Gene 
Gene Primer all lines Max. # bands . patterns) diversity Diversity 
SSRs 
DNA Binding Protein BP-1 1 .07 2 .133 .133 
mRNA 0 
(A.fatua) 1 
DNA Binding Protein BP-2 .71 2 .5 .5 
mRNA 0 
(A.fatua) 1 
NPHl-1 Non-phototrophic NPHl-1-2 1 .64 2 .459 .459 
hypocotyl gene (A. sativa) 0 
1 
NPHl-2 Non-phototrophic NPHl-2-2 2 .93 3 .45 .327 
hypocotyl gene (A. sativa) 0 
1 
GLA Vl gene for 11 S GLAV 2 .857 3 .358 .235 
globulin 0 
(A. saliva) 1 
AP5 mRNA fragment for AP5 2 1 2 .142 .142. 
phytochrome 1 
(A. saliva) 1 
Type 3 phytochrome phy3 PHY3 2 .846 2 .13 .26 
gene 0 
(A. saliva) 1 
AveninmRNA mRNA 2 .857 3 .439 .235 
(A. sativa) 0 
2 
Rastl-4 RASTl-4 2 1.43 3 .571 .367 
(A. sativa) 0 
2 
Mean of polymorphic primers targeting SSRs .353 .295 
Mean of all primers targeting SSRs .227 .190 
Introns 
Alpha-Amylase Amy2D AMY2D-l .643 2 .459 .459 
gene 0 
(A.fatua) 1 
AMY2D-2 2 1.79 2 .337 .337 
1 
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Table 2, continued. 
AMY2D-2 2 1.79 2 .337 .337 
1 
2 
Alpha-Amylase Amy2A AMY2A 3 1.93 6 .695 .412 
gene 1 
(A.fatua) 3 
12S seed globulin 12S-2 1 .857 2 .245 .245 
pseudo gene .· 0 
(A. sativa) 1 
• GLAV3-2 3 1.14 6 .788 .412 0 
2 
SSP12 gene for seed SSP12-2 2 .357 2 .459 .459 
storage protein 0 
(,4. sativa) 1 
SSP12-3 2 1.07 2 .133 .133 
1 
2 
Mean of polymorphic primers targeting introns .445 .351 
Mean of all primers targeting introns .260 .205 
SSRs and intrans 
Mean of polymorphic primers .394 .320 
Means of all primers .242 .197 
Table 3: Sequence and polymorphism of AFLP primers applied to early-maturing oat 
cultivars. 
TAQI 5' to 3' Sequence ECORI Polymorphic Total band Percent 
Primer Primer bands number polrmo!Ehism 
AFf24 TGA GTC CTG ACC GAA GT . AFE39 4 63 6.3 
AFf24 TGA GTC CTG ACC GAA TC AFE40 5 79 6.3 
AFf25 CTG CGT TAC CAA TIC CTC AFE24 4 66 6.1 
AFf25 CTG CGT TAC CAA TIC ATG AFE25 6 80 7.5 
AFf25 CTG CGT TAC CAA TIC AAA AFE26 4 34 11.8 
AFf25 CTG CGT TAC CAA TIC ACG AFE39 4 47 8.5 
AFf25 CTG CGT TAC CAA TIC TCA AFE40 5 55 9.1 
Total 32 424 7.5 
Avera~e 4.6 60.6 7.9 
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Table 4: Polymorphism of AFLP primers applied to midseason-maturing oat cultivars 
TAQIPrimer ECORI Primer Polymorphic bands Total band number 
AFT24 AFE39 5 64 
AFT24 AFE40 5 79 
. AFT25 AFE24 4 47 
AFT25 AFE25 5 55 
AFT25 AFE26 8 70 
AFT25 AFE39 12 86 
AFT25 AFE40 7 37 
Total 46 438 
Average 6.6 62.6 
Table 5: Coefficients of parentage (COP) and genetic distance 
(Dice coefficient) based on AFLP analysis of five early-maturing 
oat cultivars. 
Cultivar 
Dane/Don 
Dane/Horicon 
Dane/Sheldon 
Dane/Starter 
Don/Horicon 
Don/Sheldon 
Don/Starter 
Horicon/Sheldon 
Horicon/Starter 
Sheldon/Starter 
COP 
0.055 
0.552 
0.115 
0.108 
0.058 
0.039 
0.041 
0.115 
0.108 
0.290 
Genetic Distance 
0.830 
0.708 
0.476 
0.681 
0.596 
0.390 
0.609 
0.667 
0.634 
0.571 
Correlation between COP and genetic distance r = 0.214, p = 0.551 
Percent polymorphism 
7.8 
6.3 
8.5 
9.1 
11.4 
13.9 
18.9 
75.9 
10.8 
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Table 6: Coefficients of parentage (COP) and genetic distance 
(Dice coefficient) based on AFLP analysis often early-maturing 
oat cultivars. 
Cultivar 
Blaze/Burton 
Blaze/Chaps· 
Blaze/Jeny 
Blaze/Jim 
Blaze/Newdak 
Blaze/Ogle 
Blaze/Prairie 
Blaze/Premier 
Blaze/Rodeo 
Burton/Chaps 
Burton/Jeny 
Burton/Jim · 
Burton/Newdak 
Burton/Ogle 
Burton/Prairie 
Burton/Premier 
Burton/Rodeo 
Chaps/Jeny 
Chaps/Jim 
Chaps/Newdak 
Chaps/Ogle 
Chaps/Prairie 
Chaps/Premier 
Chaps/Rodeo 
Jerry/Jim 
Jerry/Newdak 
Jeny/Ogle 
Jerry/Prairie 
Jerry/Premier 
Jeny/Rodeo 
Jim/Newdak 
Jim/Ogle 
Jim/Prairie 
Jim/Premier 
Jim/Rodeo 
Newdak/Ogle 
Newdak/Prairie 
Newdak/Premier 
Newdak/Rodeo 
Ogle/Prairie 
Ogle/Premier 
Ogle/Rodeo 
Prairie/Premier 
Prairie/Rodeo 
Premier/Rodeo 
COP 
0.130 
0.309 
0.077 
0.161 
0.555 
0.334 
0.191 
0.172 
0.309 
0.114 
0.050 
0.100 
0.093 
0.128 
0.071 
0.184 
0.114 
0.064 
0.271 
0.429 
0.774 
0.411 
0.126 
0.649 
0.065 
0.096 
0.068 
0.039 
0.048 
0.063 
0.197 
0.321 
0.171 
0.085 
0.261 
0.533 
0.274 
0.102 
0.427 
0.509 
0.124 
0.774 
0.074 
0.410 
0.125 
Genetic Distance 
0.766 
0.792 
0.786 
0.741 
0.836 
0.868 
0.681 
0.821 
0.565 
0.844 
0.755 
0.706 
0.808 
0.84 
0.545 
0.717 
0.465 
0.778 
0.769 
0.868 
0.863 
0.622 
0.778 
0.545 
0.900 
0.918 
0.881 
0.717 
0.871 
0.769 
0.915 
0.842 
0.745 
0.900 
0.680 
0.931 
0.769 
0.918 
0.706 
0.720 
0.847 
0.653 
0.830 
0.698 
0.692 
Correlation between COP and genetic distance r = -0.145, p = 0.342 
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Table 7: SSR and intron primers for polymorphic loci. 
Gene Mapping Left primer Right primer Target sequence 
EOEulation 
Rastl-4 6X cttctgcccatgaaacccta actcagcacatgcaccctc SSR 
Amy2D 6X tgatggggatcaagaagagc atatcgtcgaccttccccat Intron 
Amy2A 6X gctacgcctacatcctcacc cgcgatctcttccttgaatc Intron 
Glav3 6X gcattgtgcattggtgctac tgttaccagccaacaagaactc Intron 
12SSP 2X cctggtgcaaat~a~~cta t~ cat~acact~~a~catt Intron 
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Figure 1: Hexaploid oat map linkage groups OT15, OTl 1, OT32, and OT8, including loci 
Amy2d (a), Rastl-4 (b), Amy2A (c), Glav3.la, 3.lb (b). 
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Figure 2: Map of diploid oat linkage group AswD, including SSP12 locus. 
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CHAPTER 5: THE EFFECT OF GENETIC DIVERSITY ON 
CULTIV AR BLEND RESPONSE 
A paper to be submitted to Oikos 
S. J. Helland* and J. B. Holland 
Abstract 
Genetically diverse plant populations may be better able to exploit ecological 
resources and reduce inter-plant competition than genetically homogeneous populations. 
Cultivar. blends have greater productivity and yield stability than pure-lines in some cases, 
however results have. not been consistent. The varying levels of genetic diversity represented 
in blends may confound the interpretations and comparisons of the results of different blend 
studies. We tested the hypothesis that genetic diversity of blend components is related to 
blend response by testing five early-maturing and ten midseason-maturing oat (Avena saliva 
L.) cultivars in two separate experiments at eight Iowa environments. Within each 
experiment, pure-lines and all possible two-way blends were evaluated for grain yield and 
test weight means and stabilities. Genetic diversity within each blend was estimated by the 
pedigree diversity (1 - coefficient of parentage), and phenotypic diversity was measured for 
height and heading date. Grain yield and test weight blend response and stability were 
S. J. Helland, Dep. of Agronomy, Iowa State Univ., Ames, IA 50011; J.B. Holland, USDA-
ARS Plant Science Reseach Unit, Dep. of Crop Science., Box 7620, North Carolina State 
University, Raleigh, NC 27695-7620. *Corresponding author (sarathom@iastate.edu). 
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regressed on these diversity measures. Blend response was not correlated with diversity 
measures. Greater phenotypic diversity in height and greater pedigree diversity were related 
to greater yield stability in the early-maturity experiment (r2 = 0.43, P = 0.04 and r2 = 0.50, P 
= 0.02, respectively). In contrast, lower yield stability was associated with greater pedigree 
diversity in the midseason-maturity experiment (r2= 0.12, P = 0.001). We also computed the 
coefficients of parentage of cultivar pairs used in previous blend studies in maize~ soybean, 
anci wheat and · found that greater pedigree diversity was correlated with higher blend 
response only, in the soybean study (r2 = 0.18, P = 0.02). Thus, the coefficient of parentage 
may be a poor estimator of genetic diversity, or genome-wide diversity may not be related to 
blend response. 
Introduction 
The superiority of cultivar blends over pure-line cultivars has been demonstrated in 
numerous crops, including soybean (Glycine max L.), oat (Avena sativa L.), wheat (Triticum 
aestivum L.), barley (Hordeum vulgare L.), sorghum (Sorghum bicolor Moench.), cotton 
(Gossypium hirsutum L.), and rice (Oryza sativa L.) (Smithson and Lenne, 1996). Research 
in oat, soybean, barley, maize (Zea mays L.) and wheat, however, has also indicated that, in 
some cases, blends may cause no significant gain in yield or no reduction in disease damage, 
and may even have negative effects on them (Smithson and Lenne, 1996). For example, Frey 
and Maldonado (1967) found a significant increase in mean blend yields over component 
pure-line yields in oat in only high stress environments. Similarly, Helland and Holland 
(2000) reported that blends of early-maturity but not midseason-maturity oat cultivars had 
greater grain yield than their component pure-lines on average. 
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Most oat cultivars are genetically identical, highly-inbred pure-lines. The available 
pure-line cultivars represent a wide range of unique, homozygous types often adapted to 
specific environmental conditions. A genetically variable plant population will often have a 
greater chance of successful adaptation across a range of environments than a genetically 
homogeneous population (Allard and Bradshaw, 1964). A cultivar blend capitalizes on this 
principle by using a mixture of two or more pure-line cultivars grown in the field at the same · 
time in an attempt to achieve greater yield and yield stability, We hypothesized that a 
confounding factor contributing to the variableresults in previous blend experiments was the 
level of genetic diversity among cultivars included in the blends under study. · Ecologists 
have demonstrated that increasing species . diversity contributes to greater ecosystem 
productivity and stability (Tilman, 1997). It is not clear whether this principle also extends 
to within-species genetic variation. If it does, we expect that increasing genetic diversity of 
cultivars included in blends should result in greater blend response and yield stability. The. 
objective of this experiment was to determine the nature of the relationship between genetic 
diversity (as estimated by coefficient of parentage and phenotypic. differences) and blend 
response and blend stability in oat. Additionally, we investigated the relationship between 
the coefficient of parentage and blend response in other crops by analyzing blend data from 
previously published experiments in soybean (Gizlice et al., 1989), maize (Hoekstra et al., 
1985), and wheat (Mundt et al., 1995; Finckh and Mundt, 1992). 
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Materials and Methods 
Experimental design and observations 
Two separate experiments were performed to evaluate early-maturing and midseason-
. maturing cultivars of oat. Entries in the first trial consisted of five early-maturing cultivars 
(Dane, Don, Horicon, Sheldon, and Starter) grown as pure-lines and as all possible two-
cultivar blends. In the second trial, ten midseason-maturing cultivars (Blaze, Burton, Chaps, 
Jerry, Jim, Newdak, Ogle, Prairie, Premier, and Rodeo) were evaluated as pure-lines and in 
all two-way cultivar blends. Both experiments were grown in 1998 and 1999 at Ames 
(central Iowa), Nashua (northeastern Iowa), Crawfordsville (east central Iowa), and Lewis 
. (west central Iowa). Experimental designs were square or rectangular lattice designs with 
three replications at each environment. 
Heading date was recorded at Ames as the number of days after planting when fifty 
percent of the panicles in each plot were fully emerged. Heights were measured as the 
distance between soil level and panicle tips after heading was complete. Plots were machine-
harvested and grain yield (kg ha-1) and test weight (kg m-3) were measured on every plot. 
Details of experimental procedures were given by Helland and Holland (2000). 
Genetic diversity estimation 
Phenotypic diversity of each blend was estimated by calculating the difference 
between the mean heading dates and the difference between the mean heights of the two 
component cultivars grown as pure-lines. Coefficients of parentage were calculated using 
pedigrees and breeding records and according to the methods of Murphy et al. (1986). 
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Pedigree information and coefficients of parentage for oat cultivars were obtained from 
Souza and Sorrells (1988), USDA-GRIN website (http://www.ars-grin.gov/ars/PacWest/ 
Aberdeen/), F. L. Kolb (personal communication), and H. F. Kaeppler (personal 
communication). Coefficients of parentage for soybean cultivars were taken from Carter et 
al. (1993), and C. Tinius (personal communication) provided additional information. 
Pedigree information and coefficients of parentage for the wheat cultivars included in each 
experiment were obtained from Fox et al. (1997). Maize pedigrees were provided by G. 
Hoekstra (personal communication) and L. Kannenberg (personal communication). Pedigree 
diversity was defined as one minus the coefficient of parentage. 
Statistical analyses 
Mean squares, estimates of means, and LSDs for yield and test weight were obtained 
using procedure GLM in SAS (SAS Institute, 1985). Blend response was measured as the 
difference between the mean yield of a blend and the average of the mean yields of its two 
component cultivars. Blend responses were declared significant if they exceeded the 
threshold value of 
1 1 
t(a=.05) (- +-)MSGE, 
re 2re 
where r = number of replications per environment, 3, and e = number of environments, 8, and 
MSoE was the mean square for genotype-by-environment interaction. 
Stability was measured with Shukla' s genotype-by-environment interaction variance, 
cr/ (Shukla, 1972), and adaptability with Linn and Binns' superiority statistic, P; (Linn and 
Binns, 1988), which incorporates the magnitude of yield in its measure of stability. Lower 
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values of these parameters reflect greater stability or adaptability. Blend responses for mean 
yield and test weight and mean stability were regressed on diversity measures using PROC 
REG in SAS (SAS Institute, 1985). The negative of each stability measure was also 
regressed on diversity measures. This was done so that positive regression slopes would 
indicate a positive relationship between increasing diversity and increasing stability or 
adaptability. 
Results 
Cultivar blends in oat 
Coefficient of parentage measures for oat cultivars in the early and midseason 
maturity experiments ranged from 0.016 to 0.552 in the early maturity experiment (Table 1) 
and from 0.050 to 0.774 in the midseason maturity experiment (Table 2). Height differences 
ranged from zero to 11 cm and from zero to 12 cm in the early- and midseason-maturity 
experiments, respectively (Tables 1 and 2). The ranges of heading diversity for each 
experiment were one to six days among the early-maturing cultivars and zero to four days 
among the midseason-maturing cultivars (Tables 1 and 2). Variation in these diversity 
measures should be sufficient to detect correlations between diversity and blend response that 
would be of practical value. 
Mean blend response was positive for grain yield, test weight, and Pi for grain yield in 
the early-maturity experiment (Table 1 ). The blend response for grain yield of the blend of 
Dane/Sheldon was also positive. Using a more liberal threshold for significance ( a = 0 .10), 
test weight blend response was significantly positive for Dane/Sheldon and Sheldon/Starter. 
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In the early-maturity experiment, only one of the ten blends (10%) had a negative blend 
response for either grain yield or test weight, and neither were significant (Table 1). In 
contrast, no significant overall blend response was observed for either yield or test weight in 
the midseason-maturity experiment (Table 2). Furthermore, no individual blend responses 
were significant at a = 0.05. At a = 0.10, two blends had significantly positive blend 
responses and two blends had significantly negative blend responses for yield (Table 2). 
Numerically, 18 of 45 blends (40%) had a negative blend response for grain yield, and 40% 
· had a negative blend response for test weight (Table 2). 
The difference in heading date between a blend' s . component cultivars was not 
correlated with blend response for yield, test weight, or stability in the early- or midseason-
maturity experiments. The regression of Linn and Binns' superiority measure (Pi) for the 
grain· yield of each .blend on the height difference between component cultivars was 
significant in the early maturity experiment (r2 = 0.43, P = .04). As height differences 
increased, so did the negative of the Pi values (b = 3 .1 x 104 kg2 ha"2), indic~ting that 
adaptability increased with increasing differences in height (Figure 1). The same was true · 
for the regression of negative Pi for test weight on height difference in the midseason-
maturity trial (b = 24.0 x 104 kg2 ha·2, r2 = 0.22, P = 0.02; Figure 2). Height difference was 
not related to other blend performance measures, however. 
Pedigree diversity was positively correlated with negative P; for grain yield in the 
early-maturity experiment (b = 73.5 x 104 kg2 ha·2, r2 = 0.50, p = 0.02; Figure 3) and 
negatively correlated with it in the midseason-maturity experiment (b = -52.4 x 104 kg2 ha"2, 
r2 = 0.12, p = 0.02; Figure 4). As pedigree diversity increased ( cultivars were less related), 
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the stability (-P;) of test weights also increased in the midseason maturity experiment (b = 
429.5 xl0 kg m-3, r2 = 0.32, P = 0.0001; Figure 5). 
Cultivar blends in other species 
Coefficients of parentage for cultivar patrs used to form blends in the wheat 
experiments ranged from 0.66 to 0.87 in one experiment (Table 3) and from 0.00 to 0.50 in 
the other (Table 4). In the maize experiment (Hoekstra et al, 1985), the coefficients of 
parentage ranged from 0.00 to 0.25 (Table 5), and in the soybean experiment (Gizlice et al, 
-1989), they ranged from 0.09 to 0.69 (Table 6). Of the four non-oat blend experiments 
analyzed, only the blend response for soybean yield (Gizlice et al., 1989) was significantly 
related to coefficient of parentage (r2 = 0.18, p = 0.05). The slope of this regression line was 
· positive (b = 275.1 kg ha-1); thus, blends developed from more genetically diverse cultivars 
tended to have greater blend responses (Figure 6). 
Discussion 
The benefit of greater species diversity in ecosystems is well-documented. For 
example, van der Heijden et al. (1998) found that arbuscular mycorrhizal fungal diversity has 
a positive impact on ecosystem stability and plant productivity. Similarly, Hector et al. 
(1999) investigated the impact of plant species diversity on above ground biomass across 
eight sites in Europe. They found that productivity increased not only when different 
·functional groups of plants (grasses, legumes, and herbs) were grown together, but when 
different species of each type of plant were grown together. 
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The benefits of genetic diversity within single-species populations has also been 
demonstrated. Overcompensation, the ability of genetically diverse populations to use 
resources more efficiently and successfully than monomorphic populations, has been 
documented in Drosophila melanogaster (Peng et al. 1991). Cole and Weirnasz (1999) 
found there was a positive relationship between genetic diversity measured at two isozyme 
loci and colony fitness in harvester ant (?ogonomyrmex occidentalis) colonies. 
The relationship between genetic diversity and crop blend superiority has not been 
. previously assessed, however a few studies have. investigated the relationship between 
morphological or phenotypic diversity and blend response. Schweizer et al. (1986) 
determined that greater diversity in plant height and date of maturity among components of 
soybean cultivar blends was related to greater yields. In contrast, Gizlice et al. (1989) and 
Patterson et al. (1963) found that differences in maturity did not result in greater blend 
response in soybean or oat, respectively. 
The conflicting results of. our oat experiments and previous experiments in other 
species (Gizlice et al., 1989; Luedders, 1979; Patterson et al., 1962; Allard and Adams, 1969; 
Mumaw and Weber, 1957; Schweitzer, et al., 1986) have shown that the relationship between 
genetic diversity and blend performance may vary according to the species investigated, the 
sample of cultivars, or the environments in which they were tested. We hypothesized that the 
genetic variation represented by the blend could influence blend response, but the results of 
our oat experiments demonstrated that genetic diversity, as estimated by COP, is not 
consistently correlated with grain yield and test weight blend response or stability. This 
result could be due to: (1) our sample of cultivars and blends was not sufficiently large or 
diverse to detect the relationship between blend performance and genetic diversity, (2) 
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coefficient of parentage was not a reliable estimator of genetic diversity, (3) genetic. diversity 
may sometimes have a negative effect on blend response, ( 4) genetic diversity has no effect 
on blend response, (5) two or even three genotypes per blend is not sufficient genetic 
diversity to induce blend response, and/or (6) diversity at a subset of loci, rather than whole 
genome diversity, is important for blend response. 
Sample size 
The sample sizes and range of coefficients of parentage in the wheat and maize 
studies were likely too small to adequately test the relationship between genetic diversity and 
blend response. The early-maturity oat experiment had a relatively small sample size (ten 
blends made from five cultivars), but cultivars were chosen specifically to cover a range of 
pedigree diversity, and significant blend responses were detected in this experiment. The 
midseason oat and the soybean experiments included many cultivars and a wider range of 
coefficients of parentage. The fact that blend response and coefficient of parentage were less 
correlated in the larger, more genetically diverse midseason-maturity oat experiment than in 
the early-maturity oat experiment, suggests that sample size did not greatly impact the results 
of these studies. 
Difficulties of estimating coefficient of parentage 
The lack of correlation between genetic diversity and blend response may be due in 
part to inaccuracy of our measures of genetic diversity. Phenotypic measures are poor 
estimators of genetic diversity because they rely on the assumption that phenotypic 
differences are directly related to genotypic differences. This assumption is untenable 
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because it implies no genotype-by-environment interaction effects on phenotype. In 
addition, phenotypic similarities caused by a small number of major-effect genes could mask 
a great deal of underlying genetic variation or vice versa. Souza and Sorrells ( 1991) reported 
that quantitative phenotypic traits were poor estimators of genetic diversity in oat. 
Problems also exist with the use of the coefficient of parentage as a measure of 
genetic diversity (Souza and Sorrells, 1991; De Koeyer et al., 1999; O'Donoughue, 1994). 
These include (1) difficulty in defining the ancestral reference population, (2) the imprecise 
nature of breeding records, (3) effects of selection, and (4) the probabilistic nature of the 
coefficient of parentage. 
One important assumption of the coefficient of parentage is an inbreeding coefficient 
of zero in the first generation (the reference population) (Falconer and Mackay, 1996). This-
assumption is almost certainly violated in calculating coancestry because although the 
relationships among oat landraces are uncertain, our coefficient of parentage measures 
assumed that they are unrelated. De Koeyer et al. (1999) and O'Donoughue et al. (1994) 
attributed differences in molecular marker-based diversity measures and pedigree-based 
diversity measures in part to unknown relationships among ancestors. They also suggested 
that unclear and potentially incorrect breeding records may cause error in coefficient of 
parentage estimates. 
Selection practiced during cultivar development might also make the true relationship 
between two cultivars different than that implied by the coefficient of parentage. The 
collection of spring oat cultivars grown in the US and Canada are fairly homogeneous due to 
breeding practices. Breeders selected all of these for a large common set of favorable traits 
(such as small awns, light seed color, shorter height, adaptive flowering time, disease 
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resistance, and high yield and test weight). Selection may have resulted in similar or 
identical alleles occuring at loci controlling grain yield and stability at a higher frequency 
than expected based on pedigree. Additionally, coefficient of parentage is an expected or 
average relationship for all loci or all pairs of genotypes with a given set of pedigrees, and as 
such is a probability of allelic identity. The actual proportion of identical alleles shared by 
specific individual genotypes can vary from this expectation due to Mendelian segregation. 
Thus, even without selection; the frequency of common alleles present in two individual 
genotypes may not be predicted accurately by the coefficient of parentage. 
Component number 
The genotypic diversity present in a blend of two or three _cultivars may not be 
sufficient to cause a blend response. If blend response occurs as a result of the reduction in 
competition between plants in two cultivar blends, inclusion of more genotypes may further 
reduce competition and increase blend response (Allard and Adams, 1969). Previous 
research has shown, however, that three- to ten-component blends have no advantage over 
two- component blends (Frey and Maldonado, 1967; Clay and Allard, 1969). Helland and 
Holland (2000) also found no difference in average blend response between two and three 
cultivar blends in the early-maturity oat blend study described here. In the same study, we 
found significant overall blend response for yield (Table 1 ), but no correlation between blend 
response and coefficient of parentage. 
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Negative impact of genetic diversity on blend response 
Some blend responses in the midseason-maturity oat experiment were negative, 
indicating that increased genetic diversity resulted in decreased population performance in 
some cases. Thus, the inter-genotypic competition present in blends must have been greater 
than the intra-genotypic competition present in pure-lines in certain situations. Although this 
negative blend response may been a result of allelopathy, it is more likely that assymetric 
competition occurred within the blends (Ricklefs, 1997). When one individual in a blend is 
more efficient and vigorous in its use of a certain common resource, the other individual may 
be negatively affected. The success of a cultivar blend depends on the overall reduction of 
competition between two genotypes overcompensating for any assymetric competition. If a 
decrease in the availability of a single resource dramatically reduces the yield of one 
genotype more than it increases another, blend response can be negative. 
No effect of genetic diversity on blend response 
Our inability to demonstrate a consistent effect of genetic diversity on blend response 
may simply be due to the fact that no such effect exists. It is also possible that selection for 
pure-line performance in oat and other crops has minimized their capacity to interact 
positively with other genotypes in the same stand. If so, genetic diversity could be related to 
blend response in genotypes that are adapted to cultivation in genotypically mixed stands, but 
absent in genotypes adapted to pure-line cultivation, such as those used in the experiments 
described here. Allard and Adams (1969) presented evidence for this based on comparisons 
of blending ability among four high-yielding commercial barley cultivars and among eight 
lines from a barley composite cross population that had been under natural selection as a 
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mixed population for 18 generations. Blends yielded higher than pure-lines on average for 
both sets of genotypes, however the blend response among lines from the composite cross 
population study was much greater than among the commercial cultivars. Allard and Adams 
(1969) suggested that because natural selection acted on the composite cross population 
while it was advanced, the lines from it resulted from selection for fitness expressed in 
competition with each other. 
Diversity at a subset ofloci 
Even if the coefficient of parentage were a good predictor of genome-wide genetic 
diversity, · it may misrepresent the level of diversity found in the subset of genes or 
quantitative trait loci (QTL) controlling blend ·response. It is possible that the allelic 
diversity at only those loci involved in blend response, rather than whole-genome diversity; 
would be a good predictor of blend performance. Loci affecting root and leaf structure, plant 
developmental patterns, nutrient uptake and use, or other phenological and physiological 
traits may define a genotype's agro-ecological niche. Allelic diversity at these types of loci 
may be critical for minimizing niche overlap, and hence for maximizing blend response. If 
this is true, genome-wide diversity estimates such as coefficient of parentage will tend to be 
poorly related to blend response. This is analogous to the difficulty in predicting hybrid 
performance based on DNA-marker-based, genome-wide genetic diversity estimates. 
Bernardo (1992) demonstrated that including marker loci that are not linked to yield QTL 
when computing marker-based diversity estimates· will reduce the correlation between 
diversity measures and hybrid yield. The difficulty we face, therefore, is determining which 
traits or which loci contribute to niche definition and blend response. Variation in the 
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phenotypic measures studied in this experiment, height and heading date, had little effect on 
blend performance. Further research is needed to identify those traits for which variation 
among the components of a blend contribute to favorable blend response. 
Cultivar blends in oat and other crops are often, but not always, superior to pure-line 
cultivars for yield and yield stability. Genetic diversity, as measured by coefficient of 
parentage, is not consistently related to blend response .. The challenge remains to identify 
those physiological or phenotypic components that are involved in both positive and negative 
intergenotypic interactions in cultivar blends. 
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Table 1. Coefficient of parentage (COP), phenotypic diversity estimates, mean yield and test 
weight blend response, and mean stabilities of five early-maturing oat cultivars grown as 
-
all possible two-way blends in eight Iowa environments. 
Pheno!YJ!ic Differences Blend Res11onse Yield Stability . Test Weight Stability 
Heading Test 
Blend COP Date Height Yield Weight pi cr;2 pi cr;2 
X 10 § X 10 § -x 10§-
DAP cm kgha"1 kgm·3 --{k~ ha"1)2- -(kgha·1)2- • 
Dane/Don 0.055 1 5 144 3 · 19 81 84 282 
Dane/Horicon 0.552 6 6 3 4 98 62 266 198 
Dane/Sheldon 0.115 4 6 234* 8t 13 30 276 124 
Dane/Starter 0.108 2 1 114 5 111 67 2 37 
Don/Horicon 0.058 5 11. -43 1 21 49 169 209 
Don/Sheldon 0.039 3 11 146 5 157 142 409 342 
Don/Starter 0.041 1 6 50 -1 60 100 498 154 
Horicon/Sheldon 0.115 2 0 44 6 36 78 657 418 
Horicon/Starter 0.108 4 5 49 6 60 39 72 177 
Sheldon/Starter 0.290 2· 5 103 9t 13 104 340 269 
Mean of all blends 84* 5* 59 75 277 221 
Blend means - -22* -28* -54 -64 
pure-line means 
LSD (a.= 0.05) 15 40 38 79 
t, *, significant at the 0.10 and 0.05 probability levels, respectively. 
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Table 2. Coefficient of parentage, phenotypic diversity estimates, mean yield and test 
weight blend responses, and mean stabilities of ten midseason-maturing oat cultivars 
grown as all possible two-way blends in eight Iowa environments. 
Pheno!YI!ic Differences Blend Resl!onse Yield Stability Test Weight Stability 
Heading Test 
Blend COP Date Height Yield Weight pi cr/ p. cr/ 
DAP cm kgha·1 kgm·3 X 104§ X 103§ -x 10§-
-{kgha·1)2- -(kgha"1)2-
Blaze/Burton 0.13 2 2 -142 -2 84 113 191 592 
Blaze/Chaps 0.309 0 3 18 15 33 152 141 
Blaze/Jerry 0.077 0 10 138 43 196 42 457 
Blaze/Jim 0.161 0 2 73 -2 14 39 122 151 
Blaze/Newdak 0.555 1 4 49 -3 70 116 232 161 
Blaze/Ogle 0.334 1 4 108 22 36 223 72 
Blaze/Prairie 0.191 -54 38 59 282 276 
Blaze/Premier 0.172 46 2 31 68 59 139 
Blaze/Rodeo 0.309 4 5 133 3 6 23 171 352 
Burton/Chaps 0.114 2 5 -43 -1 54 60 285 156 
Burton/Jerry 0.05 2 12 75 -1 89 57 78 126 
Burton/Jim 0.100 2 4 -109 -1 66 40 223 222 
Burton/Newdak 0.093 6 87 6 104 56 278 304 
Burton/Ogle 0.128 6 15 0 76 34 385 268 
Burton/Prairie 0.071 3 -154t -1 88 50 475 585 
Burton/Premier 0.184 -163t -2 110 25 171 192 
Burton/Rodeo 0.114 2 7 -88 2 58 31 308 646 
Chaps/Jerry 0.064 0 7 62 4 36 23 60 62 
Chaps/Jim 0.271 0 184t 7 11 122 153 105 
Chaps/Newdak 0.429 78 6 53 38 276 87 
Chaps/Ogle 0.774 67 4 28 88 340 237 
Chaps/Prairie 0.411 2 -111 -4 33 47 507 266 
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Table 2, continued. 
Chaps/Premier 0.126 1 4 43 3 27 29 127 94 
Chaps/Rodeo 0.649 4 2 -43 -7 15 58 390 124 
Jeny/Jim 0.065 0 8 82 3 44 53 50 344 
Jerry/Newdak 0.096 6 78 5 115 85 92 264 
Jeny/Ogle 0.068 1 6 152 -5 58 50 183 297 
Jeny/Prairie 0.039 1 9 -37 0 76 32 177 18 
Jerry/Premier 0.048 1 11 54 0 77 61 42 377 
Jeny/Rodeo 0.063 4 5 -47 -4 62 69 129 185 
Jim/Newdak 0.197 1 2 168t 54 177 251 112 
Jim/Ogle 0.321 1 2 59 4 29 52 296 416 
Jim/Prairie 0.171 I 59 2 24 132 362 474 
Jim/Premier 0.085 I 3 7 33 41 122 305 
Jim/Rodeo . 0.261 4 3 63 2 12 30 226 130 
Newdak/Ogle 0.533 0 0 82 85 62 418 38 
Newdak/Prairie 0.274 0 3 50 0 73 69 516 Ill 
Newdak/Premier 0.102 0 5 -45 -1 126 80 217 171 
Newdak/Rodeo 0.427 3 1 56 0 54 22 370 143 
Ogle/Prairie 0.509 0 3 63 -5 37 150 674 513 
Ogle/Premier 0.124 0 5 90 -6 47 83 326 352 
Ogle/Rodeo 0.774 3 I 7 -8 35 59 519 81 
Prairie/Premier 0.074 0 2 -118 -7 67 67 380 265 
Prairie/Rodeo 0.41 3 4 -98 4 37 76 492 1034 
Premier/Rodeo 0.125 3 6 -2 -9 31 42 259 93 
Mean of all blends 22 0 52 65 256 209 
Blend means - -7 -10 -21 31 
pure-line means 
LSP (ex= 0.05) 17 40 71 181 
t, •, significant at the 0.10 and 0.05 probability levels, respectively. 
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Table 3. Coefficients of parentage and mean blend responses 
for grain yield often winter wheat cultivar blends 
(Finckh and Mundt, 1992). 
Blend 
Faro/Jacmar 
Faro/Moro 
Faro/fres 
Faro/fyee 
Jacmar/Moro 
Jacmarffres 
Jacmar/fyee 
Moroffres 
Moro/fyee 
Tres/fyee 
Mean blend response 
COP 
0.821 
0.828 
0.745 
0.666 
0.875· 
0.814 
0.766 
0.814 
0.697 
0.657 
*** Significant at the .001 probability level. 
Blend Response 
percent increase over pure-line 
average yield 
0.97 
1.01 
1.05 
1.03 
0.99 
1.05 
1.10 
1.11 
1.07 
1.07 
1.04*** 
Table 4. Coefficients of parentage and mean blend responses 
for grain yield of six winter wheat cultivar blends 
(Mundt-et al., 1995). 
Blend 
Gene/Madsen 
Gene/Malcom 
Gene/Stephens 
Madsen/Malcom 
Madsen/Stephens 
Malcolm/Stephens 
Mean blend response 
COP 
0.001 
0.001 
0.001 
0.225 
0.112 
0.500 
Blend Response 
percent of pure-line average yield 
0.24 
0.50 
0.02 
0.01 
-0.09 
-0.10 
0.10 
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Table 5. Coefficients of parentage and mean blend responses 
for grain yield of six maize cultivar blends (Hoekstra et al., 1985). 
Blend COP Blend Response 
kgha·1 
Coop S25/United 105 0.250 101 
Coop S26/P AG SXl 11 0.002 4 
Coop S27/Warwick W777 0.253 227 
United 105/PAG SXlll 0.000 -78 
United 105/Warwick W777 0.250 -233 
PAG SXlll/Warwick W777 0.023 464 
Mean blend response 81 
Table 6. Coefficients of parentage and mean blend responses 
for grain yield of 28 soybean cultivar blends (Gizlice et al., 1989). 
Blend COP Blend Response 
kgha· 
Ra604/N77114 0.22 78 
Ra604/Forrest 0.69 -50 
Ra604/DP105 0.22 18 
Ra604/Ransom 0.18 -25 
Ra604/Coker 0.45 22 
Ra604/Bragg 0.60 -80 
Ra604/GaSoy 0.38 48 
N77114/Forrest 0.26 3 
N77114/DPI05 0.39 120 
N77114/Ransom 0.45 110 
N77114/Coker 0.09 162 
N77114/Bragg 0.21 -157 
N77114/GaSoy 0.18 148 
Forrest/DP105 0.26 -223 
Forrest/Ransom 0.21 70 
Forrest/Coker 0.30 45 
Forrest/Bragg 0.63 -45 
Forrest/GaSoy 0.36 80 
DPI05/Ransom 0.21 67 
DP105/Coker 0.17 129 
DP105/Bragg 0.18 54 
DP105GaSoy 0.19 161 
Ransom/Coker 0.14 38 
Ransom/Bragg 0.19 222 
Ransom/GaSoy 0.15 200 
Coker/Bragg 0.42 23 
Coker/GaSoy 0.31 117 
Bragg/GaSoy 0.56 -96 
Mean blend response 44* 
* Significant at the .05 probability level. 
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Figure I. Regression of the negative value often early-
maturing oat blends' Linn and Binns superiority measures 
(-P;) for grain yield on the height difference between 
component cultivars grown as pure-lines. 
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Figure 2. Regression of the negative of each midseason-maturity 
oat blend's Linn and Binns' superiority measures (-Pi) for test weight 
on the height difference between component pure-line cultivars. 
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Figure 3. Regression of the negative value of Linn and Binns' 
superiority measure (-P;) for grain yield often early-maturing 
oat blends on the pedigree diversity (1 - coefficient of parentage) 
represented in each blend. 
t 
0 
r2 =0.50 
-20 
b =73.5 (kg ha.1 ) 2 •• 
i 
p =0.02 
-40 = i:i... -"' -.!., 'O = -·- -60 "' ·-= > t 
(J 
.$ -80 
0.400 0.600 0.800 1.000 
Pedigree diversity 
Increasing diversity_... 
Figure 4. Regression of the negative value of Linn and 
Binns' superiority measure (-P;) for grain yield of 45 
midseason-maturing oat blends on the pedigree diversity 
(1 - coefficient of parentage) represented in each blend. 
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Figure 5. Regression of the negative values of 45 midseason-
maturity oat blends' Linn and Binns' superiority measure 
(-Pi) for test weight on the pedigree diversity (I-coefficient 
of parentage) between component pure-line cultivars. 
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Figure 6. Regression of the yield blend response of28 
soybean cultivar blends on the coefficient of parentage· 
of the cultivars used in the blends (Gizlice et al., 1989). 
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CHAPTER 6. CONCLUSIONS 
Grain yield and test weight were greater in blends than in pure-lines in the early-
maturity experiment, however blend performance was not significantly different than pure-
line performance in the midseason-maturity experiment. On average, blends were more 
stable than pure-lines for yield in the early-maturity experiment and as stable as pure-lines in 
the midseason-maturity experiment. These results indicate that, although blends do not 
perform better than pure-lines in every situation, they rarely perform worse, and can be 
useful in improving oat yield and stability at least to a small degree. Modified diallel 
analysis showed that SCA variation was not significant, but GCA variation was significant in 
both experiments. The GYA variation was significant, whereas the TGCA variation was not, 
therefore superior blends can be selected on the basis of pure-line evaluation. 
Greater phenotypic diversity in height and greater pedigree diversity were related to 
greater yield stability in the early-maturity experiment. In contrast, lower yield stability was 
associated with greater pedigree diversity in the midseason-maturity experiment. In 
soybeans, lower coefficients of parentage were correlated with higher blend response. Thus, 
the coefficient of parentage may be a poor estimator of genetic diversity, or genome-wide 
diversity may not be related to blend response, and it is not useful in predicting blend 
response or blend.stability. 
Molecular-based measures of genetic diversity were not correlated with . blend 
resp.onse, blend stability, the coefficient of parentage, or phenotypic diversity estimates. 
These results are preliminary, however, due to the small sample of markers investigated. 
Primers for intron sequences and SSRs were easily developed and equally polymorphic. The 
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levels of gene and genotypic diversity were slightly higher for intron-based markers, 
however larger samples of sequences and lines need to be analyzed before conclusions can be 
drawn. Furthermore, until more intron-containing sequences are available, SSRs provide a 
more plentiful source of polymorphic loci and are a more practical option in molecular 
marker studies in oat. Although AFLP primers produced a high quantity of bands, the level 
of polymorphism among bands for each of the primers we used was fairly low, and SSRs and 
intron sequences provided much greater levels of polymorphism per band. Three intron-
based markers and one SSR were mapped in a hexaploid oat mapping population, and one 
intron-based marker was mapped in a diploid oat mapping population. 
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APPENDIX A. DATA FOR EARLY-MATURING CULTIVARS 
Table Al. Grain yield, test weight, plant height, and heading date for each pure-line 
or blend in 1998 and 1999, averaged over three replications at Ames. 
Grain Test · Heading Grain . Test Heading 
Pure-line/Blend Yield Weight Date Height Yield Wei~t Date Height 
(kg ha-1) (kg m-3) (DAP) (cm) (kg ha-1) (kg II( ) (DAP) (cm) 
1998 199 
Dane 3927 402 56 98 4430 495 83 98 
Don 3552 424 59 89 4309 522 83 93 
Horicon 3871 434 62 99 4402 485 91 104 
Sheldon 3603 411 59 95 3897 486 89 110 
Starter 3224 446 58 94 3909 523 86 100 
Dane/Don 3831 420 57 4586 499 83 
Dane/Horicon 4044 432 56 4387 484 84 
Dane/Sheldon 4133 432 58 4449 473 84 
Dane/Starter 3743 438 57 4073 486 . 85 
Don/Horicon 3933 448 59 4260 503 86 
Don/Sheldon 4029 435 59 3836 480 85 
Don/Starter 3590 416 58 4078 512 85 
Horicon/Sheldon 3928 440 61 4250 483 86 
Horicon/Starter 3814 450 58 4297 501 86 
Sheldon/Starter 3554 426 58 3735 482 88 
Dane/DoniHoricon 3929 421 57 4648 487 84 
Dane/Don/Sheldon 4093 421 57 4293 486 84 
Dane/Don/Starter 3357 433 57. 4335 500 84 
Dane/Horicon/Sheldon 4044 427 57 4628 499 86 
Dane/Horicon/Starter 4235 450 57 4384 491 85 
Dane/Sheldon/Starter 3864 441 57 4018 489 85 
Don/Horicon/Sheldon 3753 439 59 4546 482 88 
Don/Horicon/Starter 3756 444 58 4215 500 84 
Don/Sheldon/Starter 3704 445 58 4073 489 87 
Horicon/Sheldon/Starter . 3679 443 58 4171 490 89 
Mean 3808 433 58 95 4248 493 86 101 
LSD (0.05) 381 19 1 3 451 19 2 5 
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Table A2. Grain yield, test weight, plant height, and heading 
date for each pure-line or blend in 1998 and 1999, averaged 
over three replications at Crawfordsville. 
Grain Test Grain Test 
Pure-line/Blend Yield Weight Yield Weight 
(kg ha-I) (kg m-3) (kg ha-I) (kg m-3) 
--·1998-- --1999-
Dane 2471 415 4817 446 
Don 1685 422 3977 500 
Horicon 1431 431 3881 494 
Sheldon 1569 425 4457 463 
Starter 1688 458 3985 528 
Dane/Don 1935 421 4513 475 
Dane/Horicon 2163 418 4336 471 
Dane/Sheldon 2321 423 4711 473 
Dane/Starter 2174 439 4745 498 
· Don/Horicon 1425 419 3681 491 
Don/Sheldon 1767 437 4233 494 
Don/Starter 1506 465 4105 511 
Horicon/Sheldon 1849 440 3864 491 
Horicon/Starter 1938 449 3950 519 
Sheldon/Starter 1786 458 3871 510 
Dane/Don/Horicon 1937 422 4375 482 
Dane/Don/Sheldon 1954 422 4686 487 
Dane/Don/Starter 1680 444 4187 496 
Dane/Horicon/Sheldon 2093 422 4172 485 
Dane/Horicon/Starter 2034 442 4268 490 
Dane/Sheldon/Starter 1916 447 4148 497 
Don/Horicon/Sheldon 1817 427 3726 501 
Don/Horicon/Starter 1589 452 4031 517 
Don/Sheldon/Starter 2122 443 4202 512 
Horicon/Sheldon/Starter 1822 457 4159 506 
Mean 1867 436 4203 493 
LSD (0.05) 436 22 506 15 
105 
Table A3, Grain yield, test weight, plant height, and 
heading date for each pure-line or blend in 1998 and 
1999, averaged over three replications at Lewis in 1998. 
and 1999. 
Pure-line/Blend 
Dane 
Don 
Horicon 
Sheldon 
Starter 
Dane/Don 
Dane/Horicon 
Dane/Sheldon 
Dane/Starter 
Don/Horicon 
Don/Sheldon 
Don/Starter 
Horicon/Sheldon 
Horicon/Starter 
Sheldon/Starter 
Dane/Don/Horicon 
Dane/Don/Sheldon 
Dane/Don/Starter 
Dane/Horicon/Sheldon 
Dane/Horicon/Starter 
Dane/Sheldon/Starter 
Don/Horicon/Sheldon 
Don/Horicon/Starter 
Don/Sheldon/Starter 
Horicon/Sheldon/Starter 
Mean 
LSD (0.05) 
Grain Test Grain Test 
Yield Weight Yield Weight 
(kg ha-I) (kg m·3) (kg ha-I) (kg m·3) 
--1998- --1999-
2838 445 3158 462 
2104 469 3309 486 
3010 470 4094 467 
2105 454 2818 447 
2226 490 3271 506 
2753 461 3338 464 
2678 455 3696 469 
2556 452 3341 471 
2819 468 3309 480 
2558 463 3267 474 
2517 468 3182 476 
2725 484 3010 506 
2935 462 2942 465 
2502 476 3404 496 
2398 473 3195 494 
2615 454 3770 471 
2405 453 3606 483 
2654 457 3556 487 
3240 479 3287 472 
2755 474 3635 480 
2889 488 3280 481 
2257 461 3305 472 
2349 443 3374 482 
2426 452 3373 480 
2495 453 2999 478 
2592 464 3341 478 
623 24 652 17 
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Table A4. Grain yield, test weight, plant height, and 
heading datefor each pure-line or blend in 1998 and 
1999, averaged over three replications at Nashua. 
Grain Test Grain Test 
Pure-line/Blend Yield Weight Yield Weight 
(kg ha-I) (kg m-3) (kg ha-1) (kg m-3) 
--1998- --1999-
Dane 3390 409 3436 516 
Don 2768 452 3150 553 
Horicon 3207 480 3411 524 
Sheldon 2971 453 3309 527 
Starter 2693 471 3111 540 
Dane/Don 3514 447 3343 546 
Dane/Horicon 3276 464 3328 532 
Dane/Sheldon 3532 455 3426 536 
Dane/Starter 3061 466 3277 541 
Don/Horicon 3233 469 3379 551 
Don/Sheldon 3212 477 3186 541 
Don/Starter 2572 440 3293 553 
Horicon/Sheldon 3171 467 3432 542 
Horicon/Starter 3164 482 3032 554 
Sheldon/Starter 3461 501 3243 558 
Dane/Don/Horicon 3237 460 3404 540 
Dane/Don/Sheldon 3410 445 3372 545 
Dane/Don/Starter 3064 441 3171 540 
Dane/Horicon/Sheldon 3417 470 3289 544 
Dane/Horicon/Starter 3297 458 3452 536 
Dane/Sheldon/Starter 3408 471 3423 543 
Don/Horicon/Sheldon 3362 480 3465 539 
Don/Horicon/Starter 2990 451 3362 553 
Don/Sheldon/Starter 2713 430 3175 539 
Horicon/Sheldon/Starter 3254 468 3363 550 
Mean 3175 460 3313 542 
LSD (0.05) 409 34 333 15 
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APPENDIX B. DATA FOR MIDSEASON-MATURITY CULTIV ARS 
Table B 1. Grain yield, test weight, plant height, and heading date for each pure-line 
or blend in 1998 and 1999, averaged over three replications at Ames. 
Grain Test Heading Grain Test Heading 
Pure-line/Blend Yield Weight Date Height Yield Weight Date Height 
(kg ha-1) (kgm-~) (DAP) (cm) (kg ha-1) (kgm-3) (DAP) (cm)· 
1998 1999 
Blaze 4106 479 61 92 5523 507 88 102 
Burton 3660 437 62 92 4505 492 89 97 
Chaps 4486 464 60 95 4856 497 88 105 
Jerry 4051 498 60 100 4455 538 88 114 · 
Jim 4393 468 60 95 4641 523 89 102 
Newdak 3993 444 62 95 4575 467 88 108 
Ogle 3913 426 60 96 4566 487 90 105 
Prairie 3725 390 61 93 5224 480 89 102 
Premier 3647 473 60 92 4510 516 91 101 
Rodeo 4155 438 63 97 4961 486 93 106 
Blaze/Burton 4046 470 62 4945 508 88 
Blaze/Chaps 4459 476 60 5391 503 89 
Blaze/Jerry 4213 495 60 5060 534 88 
Blaze/Jim 4478 477 60 5282 514 87 
Blaze/Newdak 4257 459 62 5131 501 87 
Blaze/Ogle 4085 454 61 4983 498 91 
Blaze/Prairie 4095 440 62 5066 496 89 
Blaze/Premier 3961 476 60 5057 513 88 
Blaze/Rodeo • 4298 465 63 5246 508 88 
Burton/Chaps 4046 442 60 4647 503 89 
Burton/Jerry 3925 460 60 4660 512 87 
Burton/Jim 3981 433 58 4499 519 88 
Burton/Newdak 3886 437 62 4531 498 89 
Burton/Ogle 3897 427 62 4654 497 91 
Burton/Prairie 3544 408 62 4628 470 91 
Burton/Premier 3533 444 60 4556 515 90 
Burton/Rodeo 3937 438 63 4793 488 91 
Chaps/Jerry 4069 477 60 4787 522 88 
Chaps/Jim 4597 457 60 4635 519 89 
Chaps/Newdak 4323 446 60 4841 482 87 
Chaps/Ogle 4286 436 59 4692 483 90 
Chaps/Prairie 3882 409 61 4647 469 91 
Chaps/Premier 4043 468 60 4729 502 92 
Chaps/Rodeo 4299 438 62 5048 496 91 
Jerry/Jim 4253 504 59 4999 526 91 
Jerry/Newdak 3948 468 61 4598 512 88 
Jerry/Ogle 4131 460 60 4578 503 91 
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Table Bl, continued. 
Jerry/Prairie 4037 453 61 4402 506 90 
Jerry/Premier 4040 497 60 4327 534 91 
Jerry/Rodeo 4337 466 61 4844 512 91 
Jim/Newdak 4426 447 60 4593 499 87 
Jim/Ogle 4120 446 59 4972 504 90 
Jim/Prairie 3885 427 60 4880 493 88 
Jim/Premier 3871 480 60 4627 527 89 
Jim/Rodeo 4349 464 59 4994 513 87 
. Newdak/Ogle 4064 437 60 4470 476 89 
Newdak/Prairie 3738 419 62 5068 485 88 
Newdak/Premier . 4141 453 60 4392 504 91 
Newdak/Rodeo 4189 447 62 4721 482 91 
Ogle/Prairie 3622 394 60 4952 484 91 
Ogle/Premier 3835 442 60 4282 490 93 
Ogle/Rodeo 4293 426 61 4608 480 93 
Prairie/Premier 3529 419 61 4636 495 91 
Prairie/Rodeo 4040 410 64 5124 480 91 
Premier/Rodeo 3853 435 60 4693 495 88 
IAR56-5 4360 464 63 4969 539 87 
Mean 4059 450 61 95 4787 501 89 104 
LSD (0.05) 314 22 2 4 512 17 2 4 
Table B2. Grain yield, test weight, plant height, and 
heading date for each pure-line or blend in 1998 and 
1999, averaged over three replications. 
Grain Test Grain Test 
Pure-line/Blend Yield Weight Yield Weight 
Blaze 1710 476 4573 500 
Burton 1396 446 3951 500 
Chaps 2180 443 4677 492 
Jerry 1667 511 4009 548 
Jim 2167 460 4810 504 
Newdak 1001 458 3563 486 
Ogle 2041 436 4445 464 
Prairie 1966 417 4432 487 
Premier 1704 495 4101 537 
Rodeo 2170 444 4362 494 
Blaze/Burton 1529 473 4342 489 
Blaze/Chaps 2065 468 4674 489 
Blaze/Jerry 1499 511 4382 510 
Blaze/Jim 1961 481 4882 494 
Blaze/Newdak 1383 465 4514 480 
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Table B2, continued. 
Blaze/Ogle 2153 463 4551 486 
Blaze/Prairie 1661 445 4843 481 
Blaze/Premier 1525 486 4644 516 
Blaze/Rodeo 2046 466 4848 484 
Burton/Chaps 1815 445 4369 474 
Burton/Jerry 1294 483 4053 516 
Burton/Jim 1418 454 4109 495 
Burton/Newdak 1272 461 3826 481 
Burton/Ogle 1513 454 4426 465 
Burton/Prairie 1519 430 3967 477 
Burton/Premier 1394 475 4062 510 
Burton/Rodeo 1602 448 4075 484 
Chaps/Jerry 1988 478 4565 510 
Chaps/Jim 2445 472 4919 503 
Chaps/Newdak 1859 462 4361 494 
Chaps/Ogle 1729 450 4773 479 
Chaps/Prairie 1900 452 4756 489 
Chaps/Premier 1963 473 4568 520 
Chaps/Rodeo 2030 451 4535 486 
Jerry/Jim 1832 510 4551 506 
Jerry/Newdak 1368 503 4001 504 
Jerry/Ogle 1788 499 4627 512 
Jerry/Prairie 1733 472 4318 497 
Jeny/Premier 1336 507 4094 545 
Jerry/Rodeo 1819 490 4528 497 
Jim/Newdak 1561 475 4383 484 
Jim/Ogle 2010 475 4770 485 
Jim/Prairie 2140 445 4939 494 
Jim/Premier 1894 475 4436 524 
Jim/Rodeo 2011 459 4997 501 
Newdak/Ogle 1481 454 4409 480 
Newdak/Prairie 1607 435 4145 470 
Newdak/Premier 998 486 4118 507 
Newdak/Rodeo 1723 453 4488 489 
Ogle/Prairie 2213 435 4454 483 
Ogle/Premier 2121 460 4346 497 
Ogle/Rodeo 2135 441 4730 480 
Prairie/Premier 1717 453 4687 498 
Prairie/Rodeo 2223 436 4315 543 
Premier/Rodeo 1862 466 4474 512 
IAR56~5 1464 506 4718 480 
Mean 1761 465 4437 497 
LSD (0.05) 442 22 568 21 
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Table B3. Grain yield, test weight, plant height, and 
heading date for each pure-line or blend in 1998 and 
1999, averaged over three replications at Lewis. 
Grain Test Grain Test 
Pure-line/Blend Yield Weight Yield Weight 
Blaze 3419 503 4049 508 
Burton 2903 483 3492 452 
Chaps 3586 466 4320 464 
Jerry 2614 519 3288 507 
Jim 3416 493 4090 489 
Newdak 2656 464 2800 431 
Ogle 3652 458 3128 458 
Prairie 3558 439 3596 426 
Premier 3486 481 3527 499 
Rodeo 4044 440 4498 479 
Blaze/Burton 3088 488 2861 433 
Blaze/Chaps 3356 486 4035 483 
Blaze/Jerry 2804 520 4498 484 
Blaze/Jim 3457 489 4238 487 
Blaze/Newdak 3185 476 3143 471 
Blaze/Ogle 3435 476 3795 478 
Blaze/Prairie 3651 456 3486 471 
Blaze/Premier 3348 514 4244 501 
Blaze/Rodeo 3888 486 4195 462 
Burton/Chaps 3383 470 3571 464 
Burton/Jerry 3169 505 3237 490 
Burton/Jim 3296 501 3564 462 
Burton/Newdak 2768 473 3534 444 
Burton/Ogle 3412 479 3329 438 
Burton/Prairie 3384 481 3383 437 
Burton/Premier 3048 506 3197 453 
Burton/Rodeo 3340 486 3481 424 
Chaps/Jerry 3346 510 3976 499 
Chaps/Jim 4002 485 4612 493 
Chaps/Newdak 3064 479 3489 470 
Chaps/Ogle 3572 464 4242 477 
Chaps/Prairie 3709 450 3752 440 
Chaps/Premier 3769 501 3862 477 
Chaps/Rodeo 3792 463 4464 448 
Jerry/Jim 2974 510 3816 491 
Jerry/Newdak 2761 507 2951 478 
Jerry/Ogle 3136 481 3362 446 
Jerry/Prairie 2857 485 3536 478 
Jerry /Premier 3061 515 3822 460 
Jerry/Rodeo 3005 490 3292 501 
Jim/Newdak 2957 469 4416 474 
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Table B3, continued. 
Jim/Ogle 3844 486 3600 472 
Jim/Prairie 4083 475 4055 490 
Jim/Premier 3721 510 3824 477 
Jim/Rodeo 3888 469 4096 469 
Newdak/Ogle 2659 451 3682 449 
Newdak/Prairie 2790 437 3472 442 
Newdak/Premier 2804 469 3287 472 
Newdak/Rodeo 3052 445 3791 440 
Ogle/Prairie 3773 426 4052 440 
Ogle/Premier 3480 473 3719 466 
Ogle/Rodeo 3719. 439 3739 446 
Prairie/Premier 3257 453 3541 473 
Prairie/Rodeo 3635 456 3603 424 
Premier/Rodeo 3699 . 470 3796 459 
IAR56-5 3736 503 3760 510 
Mean 3348 479 3718 467 
LSD (0.05) 566 21 705 32 
Table B4. Grain yield, test weight, plant height, and 
heading date for each pure-line or blend in 1998 and 
1999, averaged over three replications at Nashua. 
Grain Test Grain Test 
Pure-line/Blend Yield Weight Yield Weight 
Blaze 3746 531 3816 558 
Burton 2621 496 3564 571 
Chaps 3612 486 3879 543 
Jerry 3147 542 2992 585 
Jim 3741 484 3824 546 
Newdak 2719 501 3310 511 
Ogle 3162 453 3457 539 
Prairie 3093 461 3568 543 
Premier 3226 506 3439 568 
Rodeo 3547 491 3720 544 
Blaze/Burton 3125 537 3450 552 
Blaze/Chaps 3662 509 3770 552 
Blaze/Jerry 3646 551 3588 552 
Blaze/Jim 3757 513 3544 546 
Blaze/Newdak 3068 507 3491 531 
Blaze/Ogle 3840 501 3674 541 
Blaze/Frame 3363 515 3458 558 
Blaze/Premier 3321 526 3560 557 
Blaze/Rodeo 3960 537 3778 548 
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Table B4, continued. 
Burton/Chaps 2857 504 3811 . 554 
Burton/Jerry 2842 532 3579 558 
Burton/Jim 3170 502 3680 549 
Burton/Newdak 2807 525 3427 543 
Burton/Ogle 2901 478 3217 561 
Burton/Prairie 2729 478 3240 575 
Burton/Premier 2631 498 3142 562 
Burton/Rodeo 3207 525 3635 568 
Chaps/Jerry 3389 520 3290 574 
Chaps/Jim 3871 495 3728 548 
Chaps/Newdak 3248 489 3542 531 
Chaps/Ogle 3874 471 3351 566 
Chaps/Prairie 3261 457 3581 552 
Chaps/Premier 3537 499 ··3490 553 
Chaps/Rodeo 3371 457 3642 546 
Jerry/Jim 3561 525 3326 554 
Jerry/Newdak 3360 528 3055 545 
Jerry/Ogle 3515 497 3372 550 
Jerry/Prairie 3174 493 3337 560 
Jerry/Premier 3385 528 3298 576 
Jerry/Rodeo 3132 498 3507 549 
Jim/Newdak 3636 494 3222 533 
Jim/Ogle 3499 449 3380 557 
Jim/Prairie 3326 451 3284 550 
Jim/Premier 3502 480 3545 556 
Jim/Rodeo 3810 478 3624 551 
Newdak/Ogle 3167 478 3218 527 
Newdak/Prairie 3072 484 3393 529 
Newdak!Premier 3108 478 2920 54~ 
Newdak/Rodeo 3135 489 3386 543 
Ogle/Prairie 3034 435 3164 545 
Ogle/Premier 3312 450 3630 567 
Ogle/Rodeo 3429 457 3316 530 
Prairie/Premier 2986 463 3104 546 
Prairie/Rodeo 3068 459 3516 549 
Premier/Rodeo 3367 487 3786 549 
IAR56-5 3219 546 3670 583 
Mean 3301 495 3469 551 
LSD (0.05) 496 28 449 25 
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